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Summary 
 
 
 
 
 
There is an increasing demand of the industry to design and manufacture 
machines and constructions that are more powerful and at the same time 
smaller than previous ones. This leads to increased power density of the 
construction and the individual parts. Also the connection techniques that 
connect all the parts is become increasingly loaded. 
 
In all sectors of the industry connection techniques are seen in different 
shapes and dimensions. In the automotive industry engines, electro engine 
and combustion engines are mostly connected to the gearbox by a splined 
connection. In the aerospace industry the skin of the fuselage is connected 
to the main structure of an airplane by riveted connections. The wheels of a 
train are connected to the shaft by means of interference fit connections. In 
the energy industry turbines are used to convert fluid energy to mechanical 
energy. The blades of a turbine are connected to the rotor by dovetail 
connections. In engineering bolted connections are frequently used as a 
connection technique which is dismountable, simple and cheap. Examples 
are tower cranes that are assembled and disassembled on construction 
sites. Parts of the crane are connected to each other by prestressed bolted 
lap joints.  
 
Connection techniques that are smaller and transfer more force are more 
efficient but also more sensitive to premature failure. Connection techniques 
transfer forces from one or more parts toward others. The force is typically 
transferred by one or more contacts. Since the power density of machines 
increases this results in higher stress states on the contact areas. The 
likelihood of damage on the contact areas also increases. In a contact, 
damage can range from minimal topographic changes to substantial crack 
initiation. Crack initiation in combination with dynamic forces leads to crack 
propagation. Dynamic forces can originate from the purpose of the 
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connection technique i.e. transferring dynamic forces, or can come from 
external sources such as vibrations. The combination of crack initiation at a 
contact with crack propagation caused by dynamic loading leads to the 
fretting fatigue mechanisms and results in much lower lifetimes compared to 
only the fatigue mechanisms.  
 
The goal of this work is to provide a better insight in the fretting fatigue 
mechanisms by experimental research. The research focusses on surface 
treatments that can be applied on connection techniques and result in higher 
fretting fatigue lifetimes. The second goal of this work is to demonstrate the 
potential of several field measurement techniques during fretting fatigue 
research. 
 
The first focus of this work is the quantification of the efficiency of some 
surface treatments based on the fretting fatigue lifetime. Three surface 
treatments are studied, all based on two palliative mechanisms. The first 
palliative mechanism is the application of a residual stress field that has a 
compressive stress state at the surface. Such a stress field is applied by 
deep rolling. The second palliative mechanism is the evacuation of debris 
particles from the surface by applying surface cavities in which particles can 
disappear. Cavities are applied at the surface by a laser ablation process. 
The combination of both palliative mechanisms is also studied. The 
technique used to apply both is a deep rolling process with textured rollers. 
 
For this research two fretting fatigue test rigs were designed and 
constructed. The first test rig is a coupon scale test rig where most important 
parameters can be controlled and measured. The second test rig is a full 
scale test rig that is very similar to real application in terms of geometry and 
loading conditions. The second test rig is a bolted lap joint connection that 
uses a prestressed bolt to connect three plates symmetrically. The 
combination of the test rigs on different test scales is extraordinary and 
allows drawing conclusions independent of test scale. 
 
More than 74 experiments are performed during this research. The samples 
are examined in several ways prior and after an experiment. Prior to an 
experiment, geometry, topography and characteristics of the palliative 
mechanism(s) are measured. Post mortem, the contact area and the fracture 
surface are microscopically and macroscopically examined. The results give 
more insight in the fretting fatigue mechanisms and the influence of the 
palliative mechanisms. The results of the surface treatments are significant in 
terms of lifetime and are witnessed on both types of test rigs. The deep 
rolling process gives a lifetime increase of a factor 2.7 at a lifetime of one 
million cycles. The laser ablation process does not give significant changes 
in lifetime. The deep rolling process with textures rolls, combining both 
palliative mechanisms, gives results which are in line with the ordinary deep 
rolling process. It can be concluded that the first palliative mechanism, 
applying a residual compressive stress field at the surface, influences the 
fretting fatigue mechanism. The second palliative mechanism, introducing 
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surface cavities to evacuate debris particles from the contact, is not effective 
enough to influence the fretting fatigue mechanism. 
 
The second focus of this work is the implementation of field measurement 
techniques during coupon scale fretting fatigue research. By means of a 
camera contactless images are captured from the specimens. The 
measurement technique does not influence the experiment. Also, it is 
possible to measure closer to the contact compared to the traditional 
measurement techniques. Two measurement techniques have been studied: 
thermography and digital image correlation. 
 
Through a thermographic camera a field of temperatures is measured during 
an experiment. In the measured temperature field several mechanisms can 
be observed. The variation of the temperature of the samples can be related 
to the variation of the sum of the principal stresses. Thermographic 
measurements are successfully used to measure the fatigue load and the 
tangential load. In addition, the plastic zone at a crack tip can be visualised 
by thermography from which crack growth is calculated. Further research on 
thermography will give more detailed information of the stress state around 
the contact. Also crack propagation of smaller cracks will be measurable as 
well as crack initiation. 
 
Digital image correlation measures the position of every point of the samples 
in the three-dimensional space. Prior to an experiment, the alignment of the 
samples is inspected. During an experiment the relative displacement of both 
contacts is independently measurable. From these measurements friction 
loops and tangential contact stiffness’s are calculated. Further optimisation of 
the measurement technique will allow online measuring of the slip 
distribution in the contacts. 
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Samenvatting 
(Dutch summary) 
 
 
 
 
De continue vraag naar steeds efficiëntere machines en constructies zorgt 
ervoor dat deze steeds meer vermogen moeten kunnen leveren of 
doorvoeren en bij voorkeur steeds kleiner worden. Dit leidt tot hogere 
vermogensdichtheden in constructies en de individuele onderdelen. Niet 
alleen worden alle onderdelen zwaarder belast, ook de verbindings-
technieken die de onderdelen met elkaar verbinden worden zwaarder belast. 
 
In alle takken van de industrie komen verbindingstechnieken voor in 
verschillende vormen, maten en gewichten. In de auto-industrie wordt de 
motor, zowel elektromotor als verbrandingsmotor, veelal verbonden met de 
versnellingsbak door middel van een sterspiekoppeling. Bij vliegtuigen wordt 
de buitenschil van de romp verbonden aan het frame door middel van 
klinknagelverbindingen. De wielen van een trein worden verbonden aan de 
as door middel van perspassingen. In de energie-industrie worden turbines 
gebruikt om stromingsenergie om te zetten in mechanische energie. De 
schoepen van de turbine worden verbonden aan de rotor door middel van 
zwaluwstaartverbindingen. In de machinebouw worden boutverbindingen 
algemeen gebruikt als een demonteerbare, eenvoudige en goedkope 
verbindtechniek. Een voorbeeld hiervan zijn torenkranen, die frequent 
gemonteerd en gedemonteerd worden op bouwwerven. De onderdelen van 
het frame worden met elkaar verbonden door middel van voorgespannen 
boutverbindingen. 
 
Verbindingstechnieken die kleiner worden en meer kracht kunnen 
overbrengen zijn efficiënter, maar hebben ook een grotere kans op 
vroegtijdig falen. Verbindingstechnieken dragen kracht over van een of meer 
onderdelen naar een of meer andere onderdelen. De kracht wordt typisch 
overgebracht via een of meerdere contactoppervlakken. Aangezien 
vermogensdichtheden van machines steeds verhogen wordt de belasting op 
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deze contactoppervlakken ook steeds groter. De kans op schade van de 
contactoppervlakken vergroot hierdoor ook. In een contactoppervlak kan 
schade variëren van minimale topografische veranderingen tot 
scheurinitiatie. Scheurinitiatie in combinatie met dynamische krachten geeft 
aanleiding tot scheurpropagatie. Dynamische krachten kunnen komen van 
het doel van de verbindingstechniek of kunnen afkomstig zijn van externe 
bronnen zoals trillingen. De combinatie van scheurinitiatie ten gevolge van 
contact en scheurpropagatie ten gevolge van dynamische krachten leidt tot 
het frettingvermoeiingsmechanisme en heeft als gevolg een verlaagde 
levensduur in vergelijking met enkel het vermoeiingsmechanisme. 
 
Het doel van dit werk is een beter inzicht te krijgen in het frettingvermoeiings-
faalmechanisme in verbindingstechnieken via experimenteel onderzoek. Het 
onderzoek focust zich op oppervlaktebehandelingsmethoden die toegepast 
kunnen worden en aanleiding geven tot een hogere levensduur. Het tweede 
doel van dit werk is het potentieel van twee veldmeettechnieken in het 
frettingvermoeiingsonderzoek aan te tonen. 
 
De eerste focus van dit onderzoek is het kwantificeren van de efficiëntie van 
oppervlaktebehandelingstechnieken op basis van de frettingvermoeiings-
levensduur. Drie oppervlaktebehandelingstechnieken werden onderzocht, 
gebaseerd op twee levensduurbevorderende mechanismen. Het eerste 
mechanisme is het aanbrengen van residuele spanningen, waarbij de 
spanningen aan het oppervlak drukspanningen zijn. Dergelijk residueel 
spanningsveld wordt aangebracht door middel van een walsproces. Het 
tweede mechanisme is het evacueren van slijtagepartikels uit het contact 
door caviteiten in het oppervlak aan te brengen. Caviteiten worden 
aangebracht door middel van laserablatie. De combinatie van beide 
mechanismen werd ook onderzocht. Hiervoor is gebruik gemaakt van een 
walsproces met getextureerde walsen dat zowel een residueel 
spanningsveld aanbrengt als een oppervlaktetextuur. 
 
Voor dit onderzoek zijn twee frettingvermoeiingsproefopstellingen ontworpen 
en gebouwd. De eerste opstelling is een laboschaalproefopstelling waarbij 
de belangrijkste parameters ingesteld en gemeten kunnen worden. De 
tweede opstelling test proefstukken op werkelijke schaal en geeft resultaten 
die rechtstreeks gebruikt kunnen worden in een applicatie. De tweede 
proefopstelling is een voorgespannen boutverbinding die drie platen 
symmetrisch met elkaar verbindt. Beide proefopstellingen zijn gebruikt 
tijdens het onderzoek naar de drie oppervlaktebehandelingstechnieken. De 
combinatie van twee proefopstellingen in één onderzoek is uniek en zorgt 
ervoor dat conclusies getrokken kunnen worden onafhankelijk van de 
testschaal. 
 
Voor dit onderzoek zijn meer dan 74 experimenten uitgevoerd. De 
proefstukken worden zowel voor als na de experimenten op verschillende 
manieren onderzocht. Voor een experiment werd de geometrie, de 
topografie en de eigenschap van het levensduurbevorderende mechanisme 
bepaald. Na een experiment werd het contactoppervlak en het breukvlak 
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macroscopisch en microscopisch onderzocht. De resultaten van al deze 
onderzoeken geven inzicht in het frettingvermoeiingsmechanisme en de 
invloed van oppervlaktebehandelingstechnieken. De resultaten van de 
oppervlaktebehandelingstechnieken met betrekking tot de levensduur zijn 
significant en worden waargenomen onafhankelijk van de testopstelling. Het 
walsproces geeft bij een levensduur van één miljoen cycli aanleiding tot een 
toename van de levensduur met een factor ≥ 2.7. Het laserablatieproces 
geeft geen significante verandering van de levensduur. Het walsproces met 
getextureerde walsen dat beide levensduurbevorderende mechanismen 
combineert geeft resultaten die in lijn zijn met de resultaten van het 
walsproces met gladde walsen. Hieruit wordt besloten dat het eerste 
levensduurbevorderende mechanisme, het aanbrengen van een residueel 
spanningsveld met drukspanningen aan het oppervlak, invloed heeft op het 
frettingvermoeiingsmechanisme. Het tweede levensduurbevorderende 
mechanisme, het aanbrengen van caviteiten in het oppervlak om 
slijtagepartikels vanuit het contact te evacueren, is niet effectief genoeg om 
een invloed te hebben op het frettingvermoeiingsmechanisme. 
 
De tweede focus van dit werk is het toepassen van veldmeettechnieken 
tijdens laboschaalexperimenten. Via een camera worden contactloos 
beelden gemaakt van de proefmonsters. De proef wordt niet beïnvloed door 
de meting en er kan dichter bij het contact gemeten worden in vergelijking 
met traditionele meettechnieken. Twee meettechnieken zijn getest: 
thermografie en digitale beeldcorrelatie.  
 
Met thermografie wordt een veld van temperaturen gemeten tijdens een 
experiment. In het gemeten temperatuurveld kunnen verschillende 
mechanismen geobserveerd worden. De variatie van de temperatuur van de 
proefstukken kan gerelateerd worden aan de spanningen in de proefstukken. 
Thermografische metingen werden succesvol gebruikt om de vermoeiings-
spanning en tangentiële spanning tijdens de proef te meten. Ook kan de 
plasticiteit aan een scheurtip gedetecteerd worden, waaruit scheurpropagatie 
berekend wordt. Thermografische metingen die in detail de spannings-
toestand rond een contact kunnen meten zijn mogelijk mits verder 
onderzoek. Ook scheurpropagatie bij kleinere scheuren en detectie van 
scheurinitiatie zullen hierdoor mogelijk worden. 
 
Digitale beeldcorrelatie meet de positie van elk punt van de proefstukken in 
de driedimensionale ruimte. Vóór een experiment wordt hiermee de uitlijning 
van de proefstukken gecontroleerd. Tijdens een experiment kan de slip in 
beide contacten afzonderlijk gemeten worden, en daarvan afgeleid de 
tangentiële contactstijfheid. Verdere optimalisatie van deze meettechniek zal 
het mogelijk maken om de slipdistributie in een contact te meten. 
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Symbols and acronyms 
 
 
 
 
 
Symbols 
 
A area mm² 
a, b Semi contact length mm 
acrack Crack length m 
bf Fatigue strength exponent - 
c Semi size of stick zone mm 
C Constant - 
c’, c”, d’, d” Fitting parameters mm 
cf Fatigue ductility exponent - 
cL Speed of light m/s 
cp Specific heat J/(kg K) 
d Derivative - 
D Damage  - 
E Young modulus MPa 
e Eccentricity of the stick zone mm 
E’ Effective modulus of elasticity MPa 
Ec Composite modulus of elasticity MPa 
f Frequency Hz 
F Force N 
Ffat Fatigue force N 
Flc Force measured by loadcell N 
FN Normal Force N 
FT Tangential force N 
FTa Tangential force amplitude N 
G Shear modulus MPa  
h Planck’s constant Js 
j* Energy radiated per surface area and time J/(sm²) 
k Basquin exponent - 
xvi   
K Stress intensity factor MPa·m1/2 
kB Boltzmann constant J/K 
KC Fracture toughness MPa·m1/2 
kload Load correction factor - 
kreliability Reliability correction factor - 
kSB Stefan Boltzmann constant J/(sm²T4) 
ksize Size correction factor - 
kstressconcentration Stress concentration correction factor - 
ksurface Surface correction factor - 
ktemperature Temperature correction factor - 
kth Thermo-elastic coefficient K/MPa 
l Length mm 
m Exponent - 
M Torque Nm 
N Number of cycles - 
Nf Number of cycles until failure - 
Ni Number of cycles to crack initiation - 
Nj Number of cycles to failure at stress σj - 
nj Number of cycles applied at stress σj - 
Np Propagation lifetime - 
p(x) Pressure distribution MPa 
pmax Maximum pressure MPa 
q(x) Tangential stress distribution MPa 
q1(x) Tangential stress distribution  MPa 
qmax Maximum tangential stress MPa 
R,r Radius mm 
Ra Arithmetic mean roughness µm 
Rc Composite radius mm 
Rt Maximum roughness depth µm 
Rσ Stress ratio - 
Rz Mean peak-to-valley height µm 
Sk Core surface depth µm 
Spk Reduced peak height µm 
Spk max Maximum peak height µm 
Svk Reduced valley depth µm 
Svk max Maximum valley depth µm 
t Periodicity s 
T Temperature K/°C 
T0 Room temperature K/°C 
WI Energy criteria for mode I J/m³ 
WII Energy criteria for mode II J/m³ 
 
α Coefficient of linear thermal expansion 1/K 
αWIT Compliance constant 1/N 
β Dunders’ parameter - 
 Difference - 
K Difference in stress intensity factor MPa·m1/2 
Kmax Maximum difference stress intensity factor MPa·m
1/2 
Kth Threshold difference stress intensity factor MPa·m
1/2 
xvii 
σ Stress variation MPa 
Δτ Shear stress range MPa 
Δτcrit Critical shear stress range MPa 
 Relative displacement µm 
εe Elastic strain - 
εem Emissivity  - 
εf’ Fatigue ductility coefficient - 
εn Normal strain - 
εp Plastic strain - 
εt Total strain - 
θ Angle ° 
κ Out-of-plane restraint condition - 
λ Wavelength m 
µ Coefficient of friction - 
ν Poisson coefficient - 
π Pi - 
 Density kg/m³ 
σ Stress MPa 
σ11 Stress in x-direction MPa 
σ12 Shear stress in xy-plane MPa 
σ22 Stress in y-direction MPa 
σ33 Stress in z-direction MPa 
σa Stress amplitude MPa 
σcomponent Component stress MPa 
σf Fatigue stress MPa 
σf’ Fatigue strength coefficient MPa 
σfat Fatigue limit MPa 
σii Sum of the principle stresses, first stress 
invariant 
MPa 
σmax Maximum stress  MPa 
σmean Mean stress MPa 
σmin Minimum stress MPa 
σres Residual stress MPa 
σUTS Ultimate tensile stress  MPa 
σxx Normal stress along x-axis MPa 
σxy Shear stress  MPa 
σvm Von Mises stress MPa 
σyield Yield stress MPa 
σyy Normal stress along y-axis MPa 
τfat Shear stress fatigue limit MPa 
τmax Maximum shear stress MPa 
τmin Minimum shear stress MPa 
φ Angle of crack initiation ° 
xviii   
Acronyms 
 
AFT Direction towards the rear of the aircraft 
ASTM American society for testing and materials 
COF Coefficient of friction 
CVD Chemical vapour deposition 
DCL Diamond like carbon 
DIC Digital image correlation 
DR Deep rolling  
DTS Detonation thermal spray 
FAA Federal aviation administration 
FF Fretting fatigue 
FOV Field of view 
FWD Direction (forward) towards the front of the aircraft 
GSR Gross slip regime 
HCF High cycle fatigue 
IBED Ion beam enhanced deposition 
IR Infrared 
JSME Japanese society of mechanical engineers  
LCF Low cycle fatigue 
LPB Low plasticity burnishing 
LSP Laser shot peening 
LWIR Long wave infrared 
MAO Micro arc oxidation 
MG magnetron sputtering 
MRFM Material response fretting map 
MSR Mixed slip regime 
MSSR Modified shear stress range 
MWIR Medium wave infrared 
NETD Noise equivalent temperature difference 
NTSF National transportation safety board 
PIII Plasma immersion ion implantation 
RPM Revolutions per minute 
PSR Partial slip regime 
PVD Physical vapour deposition 
RCFM Running condition fretting map 
RD Rolling direction 
RFPD Radio frequency plasma deposition 
SP Shot peening 
SEM Scanning electron microscope 
SSR Shear stress range 
SWIR Short wave infrared 
UTM Universal testing machine 
VHCF Very high cycle fatigue 
WFD Widespread fatigue damage 
 
Chapter 1 
Introduction 
2  Chapter 1. Introduction 
1 Introduction to fretting fatigue 
1.1 Situating fretting fatigue research  
 
As the name suggests, fretting fatigue is composed of two mechanisms. The 
two individual mechanisms, fretting and fatigue, are in the research field of 
mechanics and are established research domains. Fretting is about contact 
between bodies and is part of the field of tribology. Fatigue is about cracks in 
bodies and is part of the fracture mechanics field. It is at the intersection of 
the tribological fretting phenomenon and the fracture mechanics fatigue 
phenomenon that the fretting fatigue phenomenon is situated.  
 
Fretting fatigue research is relatively young compared to both individual 
research domains. Fretting is first mentioned in the interbellum while fatigue 
dates back to halfway the 19th century. On the other hand, fretting fatigue is 
first mentioned halfway the 20th century, but it was only in 2010 that the 
ASTM came up with a definition: “The process of crack formation at a fretting 
damage site, progressive crack growth, possibly culminating in complete 
fracture, occurring in a material subjected to concomitantly fretting and 
fluctuating stresses and strains” [1.1].  
 
A typical view of a fretting fatigue failure in a bolted lap joint is shown in 
Figure 1.1. A bolted lap joints consists of two or more plates that are bolted 
together with a bolt and a nut. At the contact between two plates and in the 
vicinity of the bolt hole occurs fretting. This is post mortem observed in 
Figure 1.1 by the black deposit at the outside of the marked fretting area and 
by topographical changes at the inside of the marked fretting area. Fretting 
causes accelerated crack initiation at some specific locations at the surface 
which is the starting point for a fatigue crack. The fatigue crack propagates 
from this initiated crack due to a dynamic load. The fatigue crack grows till 
the remaining part of the plate fails due to overload. 
 
 
 
 
Figure 1.1. Typical view of a fretting fatigue crack in a bolted lap joint. 
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1.2 Applications sensitive to fretting fatigue 
 
The fretting fatigue mechanisms can occur at any place where two bodies 
make contact and at least one body is dynamically loaded. The most 
common application field is that of connection techniques, where there is 
inevitable contact between at least two bodies. The factor dynamic load can 
come from the purpose of the connection, which is transmitting dynamic 
load, or can be external like vibrations or other influencing factors. In fact, all 
dismountable connection techniques in transport industry, machinery, civil 
engineering, etc. are prone to fretting fatigue. Typically, fretting fatigue is 
observed in metallic materials such as steel, aluminium, titanium, etc. Below 
is a not all-encompassing list of five applications prone to fretting fatigue.  
 
A first application where fretting fatigue is observed are lap joints in aviation 
and aerospace industry. Lap joints are used to connect two parts, typically 
with rivets or bolts. The location of fretting fatigue crack initiation is in the 
vicinity of the rivets or bolts. Most observable are the riveted connections at 
the fuselage of an airplane, see Figure 1.2. Inside an airplane, bolted lap 
joints are used to connect structural parts. 
 
 
 
Figure 1.2. Typical fuselage longitudinal riveted lap splice joint [1.2]. 
 
A second application where fretting fatigue can occur are dovetail 
connections in turbines for aviation and energy industry [1.3]. In the energy 
industry steam turbines are used to convert thermal energy to mechanical 
energy. The blades of a steam turbine are connected to the rotor by means 
of a dovetail connection. Figure 1.3 shows a typical dovetail connection 
which is in fact a self-closed connection. 
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Figure 1.3. Dovetail connection between turbine blade and rotor [1.4]. 
 
The third application is an interference fit connection. The connection 
between a shaft and a hub by means of an interference fit connection is very 
common in mechanical systems. A typical example is the press-fit between a 
bearing and a shaft or between a bearing and the housing. The limited space 
and increasing power density to transfer this power lead to alternatives to 
traditional circular press-fits. Polygon connections are both self-closed and 
force-closed and a viable alternative for traditional press-fits. However, 
fretting fatigue is the main damage mechanism in these types of connections 
[1.5]. 
The fourth connection technique is the spline connection between a shaft 
and a hub. The connection is a self-closed connection technique that 
transmits torque by mating teeth or ridges. The connection is used on a 
broad scale, from domestic applications like bike gears to heavy duty 
applications such as airplane engines [1.6]. Figure 1.4 shows a spline 
connection of a Tesla roadster that connects the gearbox to the electro-
motor. 
 
 
 
Figure 1.4. Spline connection on the gearbox of a Tesla roadster [1.7]. 
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1.3 Economical importance of fretting fatigue 
 
Tribological behaviour and fatigue behaviour of materials is important for the 
industry from several points of view. A survey by Agoria of the Flemish 
mechanics and mechatronics sector is done by 118 machine manufacturers 
and 30 material suppliers. The interviewed companies indicate that there is a 
lack of knowledge in the field of tribology and fatigue. Most important for the 
correspondents (73%) was a better knowledge on the field of tribology. For 
57% of the correspondents was a better knowledge on fatigue essential [1.8]. 
 
In previous paragraph, several connection techniques prone to fretting 
fatigue are listed. Although most of the connection techniques function 
without failure, some connections fail prematurely. Failure of one joint can be 
without damaging consequences or can affect the structural integrity of the 
entire construction leading in the worst case to financial and/or human loss. 
In literature several fretting fatigue failure case studies from various 
industries can be found: the automotive industry [1.9], the energy industry 
[1.10, 11] and most prevalent the aerospace industry [1.12-15]. Below, two 
case studies are presented. The first case study describes failure of a gas 
turbine, which discloses how fretting fatigue contributed twice on different 
locations to the total failure behaviour. The second case study is about 
fretting fatigue in the aerospace industry. 
 
The first case study outlines the failure of a 32 MW gas turbine in the Rei 
electrical power plant in Iran. The gas turbine was manufactured by ACEC 
and was operational for 67481 hours before failure. When the turbine was 
shut down, the rotational speed degreased from the nominal 5000 RPM. At 
the speed of 4200 RPM, which is the second eigenfrequency of the rotor, 
vibrations suddenly increased and the turbine failed. Disassembling the gas 
turbine showed that the rotor was severely damaged at the compressor side 
from stage 14 to stage 18, see Figure 1.5. The disks of stage 16 and stage 
17 were broken in radial direction. The damage on the compressor part was 
too severe, so that repair was economically unfeasible. Six months later, a 
similar failure occurred in a similar gas turbine, which indicates that the 
failure was caused by a structural problem rather than merely by an 
occasional event. 
 
 
 
Figure 1.5. Overview of the disassembled damaged rotor [1.16]. 
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On the rotor shaft disks are shrink-fitted to transmit torque from the shaft to 
the disk. The fracture surface of the disk on stage 16 is shown in Figure 1.6. 
On the disk it is seen that a small fatigue crack initiated from the contact 
between the rotor shaft and the disk and propagated in radial direction. The 
location of crack initiation is not at the edge of the contact, but located toward 
the centre of the contact. On the SEM images, several crack initiation 
locations are observed. The fatigue propagation mechanism is verified by the 
clear presence of fatigue striations. The remaining facture area shows a 
macroscopic chevron line pattern and microscopic cleavage fracture 
indicating brittle fracture. 
 
 
 
Figure 1.6. Fracture surface of disk stage 16 [1.16]. 
 
A finite element analysis is performed on the shrink fit to calculate the stress 
and slip distribution in the contact. The calculated location where local slip 
changes to local stick corresponds with the observed location of crack 
initiations. Together with the SEM observations that the dominant crack 
nucleated from several locations, this proves that failure is caused by the 
fretting fatigue mechanism. 
 
Apart from the cracks described above, there are also cracks observed near 
the dovetail slots of the disks at stage 16 and stage 17, see Figure 1.7. 
Multiple cracks initiated from the dovetails and had lengths ranging from 
1 cm up to 30 cm. The cracks first propagated in radial direction, and then in 
circumferential direction. Also, for this type of contact a finite element 
simulation has been performed, which revealed high contact stresses and 
high stress gradients at the location where the actual cracks initiated. 
 
The report concludes that the gas turbine failed due to the interaction of 
several mechanisms. First, there is crack formation at the disks of stages 16 
and 17. The cracks initiated due to fretting fatigue in the shrink-fits. Second, 
brittle fracture that started from the fretting fatigue initiated crack. Brittle 
fracture was caused by impact and/or unexpected high amplitudes. The latter 
is due to fractured or escaped blades (second time fretting fatigue), flow 
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disorders and as last mechanism the amplified vibration at the second 
eigenfrequency of the rotor. 
 
 
 
Figure 1.7. Cracks initiated from the disk dovetail region [1.16]. 
 
 
The second case study is about fretting fatigue contributing to widespread 
fatigue damage (WFD) in airplane structures. Before halfway the 20th century 
design of airplanes focussed on static strength and stiffness. The interest in 
fatigue was low because there had been no service experience to 
demonstrate that fatigue of the airframe was a serious problem [1.17]. After 
some unexpected crashes with military and civil airplanes fatigue design was 
adopted by the safe life approach. However the design approach proved 
insufficient and shifted to a damage tolerant design. This design principle 
proved itself in the Aloha incident from 1988. In flight damage of a large part 
of the fuselage did not affect the flying capacity of the airplane, see Figure 
1.8. Although the general damage tolerant design is clearly effective, the 
cause of this incident is studied and results in recommendations for the 
aerospace industry. The national transportation safety board (NTSB) 
determines that the probable cause of this accident was due to the presence 
of significant disbonding and fatigue damage in the lap joints which ultimately 
led to failure of a lap joint and the separation of the fuselage upper lobe 
[1.18]. In 1991, the federal aviation administration (FAA) began the national 
aging aircraft research program which tightened inspection and maintenance 
requirements for high-use and high-cycle aircraft. 
 
 
 
Figure 1.8. General view of the damaged Boeing 737 of Aloha Airlines [1.19]. 
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In a joint effort by the FAA and Delta Air Lines a detailed study of a retired 
revenue-service passenger airplane was undertaken [1.20]. The retired 
Boeing 727-232 was near its design service goal of 60000 flight cycles. 
Eleven large sections of the fuselage that are susceptible to WFD were 
removed from the airplane for inspection. Overall, 66% of the inspected 
faying surfaces around the holes exhibited some degree of fretting. Figure 
1.9 shows a hole with heavy fretting damage. 
 
 
 
Figure 1.9. Hole with fretting damage and two cracks [1.20]. 
 
Inspection of a commercial airplane shows that fretting damage and multiple 
site damage contribute to the global damage pattern. In order to get a better 
insight on the evolution of this damage is a laboratory experiment performed 
on a factory new airplane [1.21, 22]. A Boeing 747-400 is dynamically loaded 
60000 times by pressurizing the fuselage from 0 to 0.62 bar i.e. three times 
the minimum economic design objective [1.23]. The fuselage is constructed 
from aluminium sheets Alclad 2024 T3 that are riveted together and riveted 
to the supporting structure. Visual inspections are performed on six parts of 
the fuselage. The inspections are done after 20000 cycles at an interval of 
about 1700 cycles. More frequent inspections are done when cracking was 
observed. After 33570 cycles, the first cracks are observed at the outer skin 
along the upper rivet row. With increasing number of pressurisation cycles, 
more and larger cracks are observed. After the experiment, more than half of 
the sixty upper rivet rows had visual observable cracks. After the experiment, 
the fuselage is disassembled for further inspection. A large number of upper 
rivet cracks initiated at the location underneath the rivet head position along 
the contacting sheets, see Figure 1.10. Along the contacting sheets is a 
characteristic black aluminium oxide debris found. Both findings lead to the 
conclusion that the cracks initiated from fretting sites and propagated further 
due to dynamic pressurisation. 
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Figure 1.10. Multiple fatigue cracks initiated due to fretting locations. 
 
A typical view of a fatigue crack initiated from a fretted zone is shown in 
Figure 1.11. Fatigue crack path analysis suggests that crack initiation due to 
fretting occurred between 5000 and 15000 cycles. 
 
 
Figure 1.11. Fatigue crack front initiated due to fretting. 
 
After crack initiation further propagation is attributed to fatigue. When the 
propagating fatigue cracks link-up they lead to one long crack, which can be 
up to 479 mm as shown in Figure 1.12. 
 
 
 
Figure 1.12. Large crack through several rivets. 
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2 Scope of this research 
 
The goal of this work is to contribute to a better understanding of fretting 
fatigue. The first objective is to study in a comprehensive way the influence 
of palliatives with the objective to increase the fretting fatigue lifetime. The 
second objective is to demonstrate field measurement techniques that are 
interesting for fretting fatigue research. In the following chapters the 
experimental research is described in detail, results are presented and 
conclusions are drawn. 
 
Chapter 2 gives the state of the art of fretting fatigue research from which the 
motivation of this work follows. Fretting fatigue is at the intersection of the 
fracture mechanics fatigue mechanism and the tribological fretting 
mechanism. Therefore, the individual mechanisms fretting and fatigue will 
first be separately discussed. Afterwards, the interaction of both mechanisms 
- which is the fretting fatigue mechanism - will be discussed.  
 
Chapter 3 describes the experimental setups and test methodology. The 
absence of a clear classification of the existing fretting fatigue test rigs 
provided the occasion to make a clear overview. During this research two 
test rigs are used. The main part of this chapter concerns the design and 
construction of one test rig: the coupon scale fretting fatigue test rig. The 
second test rig is the full scale test rig that tests double bolted lap joints. The 
last part of the chapter is devoted to two field measurement techniques that 
are used during the experiments: thermography and digital image correlation. 
 
Chapter 4 characterises the samples used for the two test rigs. The majority 
of this chapter is about the fretting fatigue palliatives studied in this research: 
topographical changes and residual compressive surface stresses. The 
emphasis is on the production technique and the reached characteristic 
features. 
 
In chapter 5 and chapter 6, the results of the experiments are reported, 
respectively for the coupon scale test rig and the full scale test rig. The 
results of the field measurement techniques are not included in these 
chapters but separately provided in chapter 7. The used aluminium 2024 T3 
is characterised in several manners. All the experimental data for both test 
rigs is listed. Post mortem analyses have been performed and serve to a 
better understanding of the fretting fatigue behaviour and the palliative 
mechanism. Macroscopic observations are performed on the contact areas 
and the fracture surfaces. Microscopic research focusses on the occurred 
crack initiation. The efficiency of the tested palliatives is based on the total 
fretting fatigue lifetime. 
 
Chapter 7 studies the feasibility of two field measurement techniques in 
fretting fatigue research. The first field measurement technique, digital image 
correlation, measures three-dimensionally changes during an experiment. 
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From these changes interesting fretting fatigue parameters are calculated 
such as slip and tangential contact stiffness. The variables are compared to 
traditional measurement techniques. The second field measurement 
technique, thermography, was useful to find out whether results can be 
obtained for fretting fatigue research like tangential force measurement, 
crack initiation and propagation and stress field visualisation. The latter is 
particularly interesting for validations of finite element simulations. 
 
The last chapter formulates the conclusions of this work and gives 
recommendations for future research. The key conclusions are about the 
influence of the two tested palliatives on the fretting fatigue lifetime and about 
the test scale dependency of fretting fatigue research. 
 
12  Chapter 1. Introduction 
Bibliography 
 
[1.1] ASTM, E2789: Standard guide for fretting fatigue testing.2015 
[1.2] Skorupa, A.a. and M.a. Skorupa, Riveted Lap Joints in Aircraft 
Fuselage Design, Analysis and Properties. Solid Mechanics and Its 
Applications, ed. SpringerLink. Vol. 189. 2012: Springer Netherlands 
9789400742826. 
[1.3] Kermanpur, A., H.S. Amin, S. Ziaei-Rad, N. Nourbakhshnia, et al., 
Failure analysis of Ti6Al4V gas turbine compressor blades. 
Engineering Failure Analysis. 15(8): p. 1052-64.2008 
[1.4] Oerlikon, Improved anti-fretting solution for titanium alloys 
outperforms conventional coatings. 2014. 
[1.5] Großmann, C., Fretting Fatigue of Shape Optimised Polygon-Shaft-
Hub Connections. 2007: Berlin. 
[1.6] Madge, J.J., Numerical Modelling of the Effect of Fretting Wear on 
Fretting Fatigue. 2008: Nottingham. 
[1.7] Straubel, J.B. An Engineering Update on Powertrain 1.5. 2008. 
http://www.teslamotors.com/blog/engineering-update-powertrain-15. 
Accessed 2 November, 2015. 
[1.8] Agoria, Toepassen van duurzame innovatieve materialen in de 
machinebouwindustrie. 2004. 
[1.9] Buciumeanu, M., A.S. Miranda, A.C.M. Pinho, and F.S. Silva, Design 
improvement of an automotive-formed suspension component 
subjected to fretting fatigue. Engineering Failure Analysis. 14(5): p. 
810-21.2007 
[1.10] Azevedo, C.R.F., A.M.D. Henriques, A.R. Pulino Filho, J.L.A. 
Ferreira, et al., Fretting fatigue in overhead conductors: Rig design 
and failure analysis of a Grosbeak aluminium cable steel reinforced 
conductor. Engineering Failure Analysis. 16(1): p. 136-51.2009 
[1.11] Xue, F., Z.-X. Wang, W.-S. Zhao, X.-L. Zhang, et al., Fretting fatigue 
crack analysis of the turbine blade from nuclear power plant. p. 299-
305. 
[1.12] Campbell, G.S. and R. Lahey, A survey of serious aircraft accidents 
involving fatigue fracture. International Journal of Fatigue. 6(1): p. 
25-30.1984 
[1.13] Davies, D.P., S.L. Jenkins, and F.R. Belben, Survey of fatigue 
failures in helicopter components and some lessons learnt. 
Engineering Failure Analysis. 32(0): p. 134-51.2013 
13 
[1.14] Sujata, M., M. Madan, K. Raghavendra, and S.K. Bhaumik, Fretting 
Fatigue in Aircraft Components Made of Ti-Al-V Alloys, in 6th 
International Conference on Creep, Fatigue and Creep-Fatigue 
Interaction. 2013. p. 481-86. 
[1.15] Tang, H., D. Cao, H. Yao, M. Xie, et al., Fretting fatigue failure of an 
aero engine turbine blade. Engineering Failure Analysis. 16(6): p. 
2004-08.2009 
[1.16] Farrahi, G.H., M. Tirehdast, E. Masoumi Khalil Abad, S. Parsa, et al., 
Failure analysis of a gas turbine compressor. Engineering Failure 
Analysis. 18(1): p. 474-84.2011 
[1.17] Farris, T.N., H. Murthy, J.F. Matlik, and I.M.O.R. Karihaloo, 4.11 - 
Fretting Fatigue, in Comprehensive Structural Integrity. 2003, 
Pergamon: Oxford. p. 281-326. 
[1.18] National Transportation Safety Board (NTSB), Aviation Accident 
Report AAR-89-03. 1989: Washington, D.C. . 
[1.19] http://www.tailstrike.com/280488.htm.  Accessed 2 November, 2015. 
[1.20] Steadman, D. and J. Bakuckas, Destructive evaluation and extended 
fatigue testing of retired transport aircraft. 2007. 
[1.21] Piascik, R.S. and S.A. Willard, The Characteristics of Fatigue 
Damage in the Fuselage Riveted Lap Splice Joint. NASA/TP-97-
206257. 1997: Virginia. 
[1.22] Piascik, R.S., S.A. Willard, and M. Miller, The characterization of 
widespread fatigue damage in fuselage structure. 1994. 
[1.23] Gopinath, K.V., Structural Airworthiness of Aging Boeing Jet 
Transports - 747 Fuselage Test Program.1992 
 
 
14  Chapter 1. Introduction 
 
Chapter 2 
Literature review 
16  Chapter 2. Literature review 
1 Goal 
 
This chapter gives the state of the art of fretting fatigue research. The fretting 
fatigue phenomenon is at the intersection of the fracture mechanics fatigue 
phenomenon and the tribological fretting phenomenon. Therefore, the 
individual phenomenona fretting and fatigue will first be separately discussed. 
Thereafter, the interaction of both phenomenona –which is the fretting fatigue 
phenomenon- will be discussed. 
 
Paragraph 2 provides a generally accepted definition for fatigue and 
introduces the main mechanical concepts. The majority of the paragraph is 
about fatigue lifetime. As an introduction to analytical lifetime calculations, 
some concepts are given based on uniaxial fatigue problems. However, since 
the nature of fretting fatigue is multiaxial, more lifetime calculations based on 
multiaxial properties are reviewed. It is not the goal to give a comprehensive 
list of multiaxial fatigue lifetime criteria but rather to give an overview of 
multiaxial fatigue criteria usable in fretting fatigue research. 
 
The fretting phenomenon is introduced in paragraph 3. Necessary for this is 
an overview of contact mechanics. In terms of contact configurations only line 
contacts are explained in detail since the numerical and the experimental part 
only use this contact configuration. 
 
The state of the art of fretting fatigue research is given in paragraph 4. This 
topic is relatively young in the field of mechanical research. A first ASTM 
definition of fretting fatigue dates from 2010. Despite its short existence, there 
is already quite some research done. Particular attention goes to palliatives 
for fretting fatigue in order to increase lifetime. The mechanisms of several 
palliatives are discussed and the limited - and often contradictory - literature 
results are compared. 
2 Fatigue  
2.1 Definition 
 
Fatigue as defined by ASTM (American Society for Testing and Materials) is: 
“The process of progressive localized permanent structural change occurring 
in a material subjected to conditions that produce fluctuating stresses and 
strains at some point or points and that may culminate in cracks or complete 
fracture after a sufficient number of fluctuations” [2.1]. 
 
Fluctuating stresses may vary arbitrarily or periodically. Periodic loading is 
commonly used in testing conditions because of the ease of applying, good 
repeatability and more convenient interpretation. A typical waveform of 
periodic loading is sinusoidal as show in Figure 2.1. Characteristics of a 
periodic sinusoidal stress are the minimum stress σmin, the mean stress σmean, 
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the maximum stress σmax, the stress amplitude σa, the stress range σ and the 
periodicity t. Commonly used derivative properties are the stress ratio Rσ 
( = σmin / σmax), and the frequency f ( = 1 / t). 
 
 
 
Figure 2.1. Characteristics of a typical fatigue stress. 
 
The number of fluctuations or the number of cycles to failure Nf defines 
several different regimes in fatigue. It varies from a few cycles up to billions of 
cycles. In this broad range of number of cycles, different fatigue mechanisms 
can be perceived. In order to distinguish the various fatigue mechanisms, 
there is a generic classification based on the number of cycles. In this work; 
three classifications of lifetimes are specified: low cycle fatigue (LCF), high 
cycle fatigue (HCF) and very high cycle fatigue (VHCF). LCF is used when 
the number of cycles to failure are less than 104 cycles. Between 104 and 107 
cycles it is referred as HCF, and beyond 107 cycles VHCF is experienced. In 
this thesis, the (fretting) fatigue research is focussed on high cycle fatigue. 
 
The number of cycles to failure Nf is an important value for fatigue design. 
Two main approaches are adopted for fatigue design: infinite lifetime design 
and finite lifetime design. The first, infinite lifetime, will ensure that a 
component will never fail due to fatigue. This is achieved by maintaining all 
stresses below a threshold, the fatigue limit σfat which is a material property. 
However, usually this does not result in the most economic design. The 
second design approach, finite lifetime, assumes that the lifetime of a 
component is finite. The component should be replaced after a certain 
number of cycles or when a given criterion is reached. This design approach 
requires the development of fatigue models and analysis methods to predict 
the lifetime. Paragraphs 2.3 and 2.4 discuss some basic and advanced 
fatigue models and analysis methods. 
18  Chapter 2. Literature review 
2.2 Fatigue mechanisms 
 
During the fatigue process three subsequent fatigue mechanisms can be 
observed: crack initiation, crack propagation and final fracture. The different 
stages are visual on a fatigue fracture surface shown in Figure 2.2. 
 
 
 
Figure 2.2. Typical fatigue fracture surface with initiation, propagation and 
final fracture area [2.2]. 
 
Crack initiation (or crack nucleation) is the continuous process of gradual 
damage accumulation at micron scale until a small macroscopic crack is 
initiated. Crack initiation may originate from existing defects in the material 
such as voids, inclusions, surface scratches or even at a deep roughness 
valley in the surface topography. If defects are absent, damage will 
accumulate due to dynamic loading. Most likely locations of crack initiation 
are then locations of high stress amplitudes or locations with a high stress 
concentration. However, to identify the most probable location of crack 
initiation in a specific application a crack initiation model is required. 
Modelling crack initiation can be done by two approaches: the black box 
approach or the physically based approach. The latter approach gives a 
physical reasoning for crack initiation. The corresponding models are 
micromechanical and make use of physical phenomena and properties like 
dislocations, persistent slip bands, grain size and orientation [2.3, 4]. The 
black box approach just empirically describes the likelihood of crack initiation. 
This commonly used approach will be further used in the following 
paragraphs. 
 
Crack propagation is the mechanism where an initiated crack steadily grows 
to final rupture. Crack propagation occurs at macroscopic level and is 
governed by the bulk properties of the material. The driving factors are the 
dynamic load, the bulk geometry and the crack geometry. Crack growth is 
reasonably well described by fracture mechanics, see paragraph 2.3.3. 
 
The final mechanism is the global fracture. A propagating crack gradually 
grows and reduces the cross section. When the remaining cross section is 
insufficient for the acting forces, a final (brittle or ductile) fracture will occur. 
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The three stage fatigue mechanism as described above is generally 
accepted. However, there is no general consensus about the transition from 
crack initiation to crack propagation. Some criteria consider transition when 
the crack length is equal to a fixed length such as 1 mm [2.5] or 0.25 mm 
[2.6]. The length of the crack can also be compared to the grain size of the 
material. From an experimental point of view the transition can be the 
minimum crack length which may be reliably detected. For example, the eddy 
current technique used in the aircraft industry can detect a crack - depending 
on the circumstances - of 1.5 mm to 6 mm [2.7]. 
 
In the next two sections uniaxial and multiaxial fatigue are discussed. 
Although fretting fatigue is of multiaxial nature, uniaxial fatigue is discussed 
as an introduction to the more complex multiaxial fatigue. 
 
2.3 Uniaxial fatigue  
2.3.1 Stress life approach 
 
The stress life approach gives a mathematic relation between a fatigue stress 
σf (e.g. stress amplitude σa, stress range σ, maximum stress σmax, etc.) and 
the number of cycles to failure Nf. This approach is the oldest, and best 
known, fatigue analysis method. The mathematic relation was first derived 
from the experimental work by Wöhler in 1870 for train axles. Experimental 
data is obtained by subjecting multiple specimens (components or coupons) 
to fatigue at different stress amplitudes until failure. Failure in the stress life 
approach is mostly defined as the complete fracture of the specimen, 
although other failure criteria can be used e.g. a specific crack length, a 
stiffness change, etc. The numbers of cycles until failure are plotted against 
the stress amplitudes in a Wöhler-diagram or SN-diagram, see Figure 2.3. 
 
A typical SN-curve for steel is shown in Figure 2.3. On the X-axis, the number 
of cycles N is plotted on a logarithmic scale. On the Y-axis, the stress 
amplitude σa is plotted on a linear scale or on a logarithmic scale. The SN-
curve has a decreasing inclination that asymptotically trends to an infinite 
lifetime. The stress corresponding to this infinite lifetime is named as the 
fatigue limit σfat. Points in the area below the SN-curve will not fail due to 
fatigue. In contrast, points in the area above the SN-curve will certainly fail 
due to fatigue. 
 
Experimental fatigue data show a considerable amount of scatter due to the 
nature of the fatigue mechanism. Fitting a design SN-curve through the data 
should be done with great caution. A typical curve fitted through the 
experimental data is done according to the Basquin relation, equation (2.1), 
where C and k are used as fitting parameter. However, this mean curve 
provides a design rule in which half of the designs fail prematurely. This is 
clearly not a good design rule. Other design rules can be derived from the 
Basquin relation and reduce the probability of premature failure by better 
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taking into account the statistical character of fatigue. For example, design 
curves can be derived by subtracting a number of times the standard 
deviation from the mean curve. Subtracting two times the standard deviation 
from the mean curve corresponds with a probability of ~ 2.3 % premature 
failures, what is deemed acceptable for conventional mechanical designs. A 
lower probability of premature failure can be achieved by subtracting more 
times the standard deviation from the mean curve.  
 
k
a fN C    
(2.1) 
 
 
 
Figure 2.3. Typical SN-curve of a medium strength steel [2.8]. 
 
Many parameters can affect the fatigue behaviour. A first parameter is the 
manner in which the stresses are applied. Fatigue experiments can be 
carried out with a zero mean stress (Rσ = -1) or with a certain prestress 
superimposed with a stress variation. In addition, we assume a perfect 
periodical sinusoidal stress. However, in practice fatigue stresses may be 
random or sinusoidal with variable amplitudes. A second parameter is the 
geometry of the specimen. Fatigue experiments are mostly performed on test 
specimens with a low surface roughness, without stress concentrations and 
without surface texturing. In practice we rarely see components with these 
properties. All the above parameters can affect the fatigue behaviour. Below 
are some models listed that take these parameters into account. 
 
The mean stress during a fatigue experiment has a major influence on the 
fatigue behaviour. A dimensionless parameter that expresses the quantity of 
mean stress is the load ratio Rσ ( = σmin / σmax) which varies in the interval  
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[ -1 .. 1 [. However, performing fatigue experiments with all possible load 
ratios is impossible and uneconomical. Therefore, a few equations are 
developed that allow conversion of fatigue data to different load ratios. A well-
known equation is the Goodman equation (2.2). This equation converts the 
fatigue stress obtained from a fully reversible experiment σf│Rσ= -1  to a fatigue 
stress σf with a certain mean stress σmean. Equation (2.2) uses the material 
parameter ultimate tensile stress σUTS. Other conversion equations are similar 
to the Goodman equation or use other material properties such as yield 
strength σyield cf. Soderberg equation. 
 
1
1
f mean
UTSf
R
 


   (2.2) 
 
In practical applications fatigue load is rarely perfectly sinusoidal with a 
constant amplitude and constant periodicity. In order to still be able to use the 
SN-curves, one can use the cumulated fatigue damage model defined by 
Miner (2.3). 
 
j
jj
n
D
N
  (2.3) 
 
Miner’s rule assumes that every fatigue cycle generates a fraction of fatigue 
damage (nj / Nj). In this respect nj is the number of cycles applied at a stress 
σj corresponding to a total fatigue life Nj. When the accumulated fractions of 
fatigue damage D reaches one, the component would fail due to fatigue. 
Miner’s rule assumes that fatigue damage can be linearly added. This implies 
that the occurred fatigue damage is irreversible and that there is no 
interaction between different stress amplitudes. 
 
In addition to the manner in which the dynamic stresses are applied, the 
geometry is also a key factor in fatigue. Fatigue coupon samples used to 
draw SN-curves have a completely different geometry compared to real 
components. The fatigue data from these coupon samples cannot simply be 
used on real components because of the different geometry. In order to 
overcome the geometrical differences, correction factors (= strength 
reduction factors) are introduced, equation (2.4). 
 
component load size surface stressconcentration temperature reliabilityk k k k k k         (2.4) 
 
The stress in a component σcomponent can be related to the stress σ withdrawn 
from a SN-curve utilising correction factors [2.9]. In this equation kload is a 
correction factor for the loading mode. Most published data is given for 
rotating bending and must be corrected for other loading modes e.g. axial 
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loading, torsion, etc. The factor ksize takes the scale effect into account.  
ksurface corrects for the surface condition. While fatigue samples are vastly 
polished, real components are manufactured with conventional machining 
techniques which have a higher surface roughnesses. Stress concentrations 
cause a reduction in lifetime which is specified by the correction factor 
kstressconcentration. The temperature can also negatively influence the lifetime 
given the correction factor ktemperature. Finally, the factor kreliability depends on 
the mandatory reliability and the standard deviation of the test data. The 
above mentioned factors are commonly needed correction factors for fatigue 
design, however, specific cases can require additional factors e.g. corrosion, 
welds, etc. 
 
2.3.2 Strain life approach 
 
The strain life approach calculates the number of cycles to crack initiation Ni, 
in contrast to the stress life approach which predicts the numbers of cycle to 
failure Nf. Unfortunately, there is no generally accepted definition for the 
transition from crack initiation towards crack propagation. Therefore, each 
strain life approach uses its own definition of crack initiation. 
 
The strain life approach as the name suggests, uses the total amount of 
strain to calculate the crack initiation life. The total amount of strain εt is 
divided into elastic strain εe and plastic strain εp. The initiation life for the 
elastic strains can be derived from the elastic Basquin relation, equation 
(2.5). The elastic stress range εe is expressed as function of three material 
parameters: the fatigue strength coefficient σf’, the Young modulus E and the 
fatigue strength exponent bf. The initiation life for the plastic strains is given 
by the Coffin-Manson relation, equation (2.6). The plastic strain range εp is a 
function of two material parameters: the fatigue ductility coefficient εf’ and the 
fatigue ductility exponent cf. The total strain life law for crack initiation is the 
sum of both relations, see equation (2.7). 
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A typical strain life plot is drawn in a double logarithmic diagram and is shown 
in Figure 2.4. The two asymptotes are the elastic and plastic terms of 
equation (2.7). The intersection of both asymptotes defines the transition 
from the mainly plastic area to the mainly elastic area. 
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Figure 2.4. Strain-life relation for crack initiation. 
 
2.3.3 Fracture mechanics 
 
Fracture mechanics studies the propagation of macroscopic cracks in solid 
materials. The crack growth rate of macroscopic cracks is expressed as 
dacrack / dN where acrack is the crack length and N the number of cycles. Crack 
growth is usually plotted against the variation in stress intensity factor K. 
The stress intensity factor K, as the name suggests, is a factor indicating the 
stress state near a crack tip. The stress intensity factor depends on geometry 
and stress and is expressed in MPa m1/2. The variation of the stress intensity 
factor K is calculated as the difference in stress intensity factor K at 
minimum and maximum loading. Stress intensity factors can be analytically 
calculated for simple geometries. However, for complex geometries one 
should use computer aided simulations e.g. finite element method. A typical 
crack propagation curve is shown in Figure 2.5. The curve has a 
characteristic S-shape and can be divided in three partitions with different 
crack growth behaviours. 
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Figure 2.5. Typical crack propagation curve [2.10]. 
 
The first region R1 is the threshold region where the curve shows an 
asymptotic behaviour towards the value Kth. Values below the threshold 
Kth will not result in macroscopic crack growth. This does not imply that 
microscopic cracks are unable to initiate. Microscopic cracks can possibly 
develop but will not grow to macroscopic cracks. For example, a microscopic 
crack can be arrested by microstructural obstacles such as grain boundaries 
and/or dislocations. Cracks in the first region with values above the threshold 
will slowly grow at a variable crack growth rate. 
 
The second region R2 is the stable crack growth region. A power relation can 
be fitted between dacrack / dN and K, noticeable as a straight line in the log-
log graph of Figure 2.5. The power law is given in equation (2.8) which is 
known as the Paris-Erdogan law. The constants C and m are material 
properties. The number of cycles N needed for crack growth from one length 
to another can be calculated with equation (2.8). 
 
 crack
mda
C K
dN
   (2.8) 
 
The third and last region R3 is the rapid crack growth region. The slope of the 
curve increases and goes asymptotically towards the value Kmax. In this 
region the crack growth is a combination of fatigue crack growth and local 
ductile tearing. Though the crack growth increases with increasing loading 
cycles, there is no occurrence of residual fracture. A final fracture will only be 
reached if the difference in stress intensity factor K reaches the critical value 
Kmax. 
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2.4 Multiaxial fatigue 
 
In multiaxial fatigue conditions (e.g. fretting fatigue, see paragraph 4) the 
local stresses and strains are of multiaxial nature. Multiaxial loading 
conditions mean that stress and strain occur simultaneously in different 
directions. For example, in fretting fatigue conditions orthogonal normal and 
tangential forces are simultaneously interacting. Using the previously 
described uniaxial stress and strain life approaches in multiaxial loading 
conditions will lead to inaccurate results. Therefore, crack models for 
multiaxial loading conditions are developed.  
 
Some multiaxial crack models are listed, with the primary focus on the criteria 
frequently used in fretting fatigue research. It is not the aim of this paragraph 
to give an exhaustive overview of all criteria frequently used in fretting fatigue 
research. The multiaxial fatigue criteria are commonly subdivided in three 
categories: the critical point approach, the critical plane approach and the 
energy approach. The critical point approach states that the initial damage 
accumulates at a specific (= critical) point where the damage is given by a 
single scalar. This approach is not common in fretting fatigue research. 
 
The critical plane approach is driven by the idea that damage accumulates on 
a critical plane. The critical plane is often the plane of maximum shear stress 
amplitude or the plane with highest value of the multiaxial fatigue criteria. The 
most simple critical plane approach is the shear stress range (SSR) criterion. 
The critical plane is the plane where the shear stress range Δτ is maximal 
and is also the plane for crack initiation. Based on the multiaxial state of the 
stress and strain field it is physically comprehensible that more than one 
factor influences the crack behaviour. The combination of normal and 
tangential components on the critical plane is often seen in literature. 
Examples are the modified shear stress range (MSSR), the Findley-
parameter [2.11] and the McDiarmid-parameter [2.12-14]. However, most 
frequently seen in fretting fatigue research are the Brown-Miller criterion 
[2.15] and the Fatemi-Socie criterion [2.16]. 
 
The last approach, energy based approach, multiplies stress and strain to 
obtain an energy that is related to the lifetime. Energy approaches are often 
calculated on the critical plane, so that the difference between energy 
approaches and critical plane approaches fades. In fretting fatigue research, 
the most popular criterion in this last category is the Smith-Watson-Topper 
criterion [2.17]. 
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3 Fretting 
 
Fretting is a damage mechanism that occurs between bodies which are in 
contact and undergo a small relative displacement. Fretting is considered to 
be a plague in modern industry since it is encountered in most quasi-static 
loadings submitted to vibrations [2.18]. Applications where fretting occurs are 
the swashplate of helicopters [2.19], electrical connectors in automotive 
[2.20], fuel rods in nuclear applications [2.21], wire ropes of overhead 
transmission lines [2.22], etc. Also academic research is commonly found 
[2.23-26]. 
 
The fretting phenomenon can be subdivided in three categories: fretting 
corrosion, fretting wear and fretting fatigue. Fretting corrosion was first 
introduced by Tomlinson (1927) who observed and described this type of 
damage on steel surfaces. Nowadays, fretting corrosion is used when fretting 
damage is dominated by chemical reactions. Fretting wear is named when 
the focus of the damage mechanism is mainly wear related. Finally, fretting 
fatigue is a damage process when both fretting and fatigue are 
simultaneously involved in causing material degradation and rupture. The 
latter is further discussed in section 4.  
3.1 Definition 
 
Fretting is defined in the ASTM G40 standard as: small-amplitude oscillatory 
motion, usually tangential, between the solid surfaces in contact. Other 
defined fretting related terms are fretting wear: wear arising as a result of 
fretting; and fretting corrosion: a form of fretting wear in which corrosion plays 
a significant role [2.27]. Another relevant definition given in the ASTM 
standard is the coefficient of friction. The coefficient of friction is defined as 
the dimensionless ratio of the friction force (FT) between two bodies to the 
normal force (FN) pressing these bodies together. Different definitions are 
givens for static and kinetic coefficient of friction. 
 
Fretting is cited in six ASTM standards which are all very application oriented. 
However no application deals with fretting fatigue. The six ASTM standards 
are: 
 
- ASTM B896: Standard Test Methods for Evaluating Connectability 
Characteristics of Electrical Conductor Materials [2.28]. 
- ASTM D4170: Standard Test Method for Fretting Wear Protection by 
Lubricating Greases [2.29]. 
- ASTM F897: Standard Test Method for Measuring Fretting Corrosion of 
Osteosynthesis Plates and Screws [2.30]. 
- ASTM F1875: Standard Practice for Fretting Corrosion Testing of Modular 
Implant Interfaces: Hip Femoral Head-bore and Cone Taper Interface 
[2.31]. 
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- ASTM F1814: Standard Guide for Evaluating Modular Hip and Knee Joint 
Components [2.32]. 
- ASTM G204: Standard Test Method for Damage to Contacting Solid 
Surfaces under Fretting Conditions [2.33]. 
 
3.2 Contact mechanics 
3.2.1 Geometry 
 
The contact area of two contacting bodies can be classified in two ways: first, 
complete and incomplete contacts, and second, conformal and non-
conformal contacts 
 
A complete contact has an invariable contact area. It will remain constant 
independent of the normal force between two bodies; Figure 2.6 (b) and (e). 
In contrast, an incomplete contact has a contact area which depends on the 
normal load Figure 2.6 (a), (c) and (d). An example is the contact between a 
cylinder and a half-plane, see Figure 2.6(a). When the normal load increases, 
the contact area will increase. 
 
 
 
Figure 2.6. Different contact geometries [2.34]. 
 
A second classification of contacts is based on the contact conformity. A 
contact is non-conformal when the characteristic length of the contact area 
(e.g. semi-contact width a) is small compared to the smallest radius of the 
bodies (R). In this case the contact will only take place on a small part of the 
arc. The contact is surrounded by a lot of adjacent body and can be 
considered as a half-plane in terms of stress, strain and displacement 
analysis. An example of a non-conforming contact is shown in Figure 2.6(a).  
In contrast to a non-conformal contact there is a conformal contact. A 
conformal contact has a relatively large contact area compared to the 
smallest radii of the bodies. An example is shown in Figure 2.6(d), the 
contact between a shaft and a hole in an infinite plate. The bodies cannot be 
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considered as half spaces, which changes the analysis of the contact. The 
transition from a non-conformal contact to a conformal contact is 
approximately a/R = 0.3. Contacts with values above 0.3 have a considerable 
amount of conformity and the half-space approximation will no longer apply 
[2.35]. 
 
The geometry of the contacting bodies gives rise to different contact area 
geometries. Basic body geometries like spheres, cylinders, and half-spaces 
lead to basic contact area geometries as a point, a line or an ellipse. The 
following paragraphs will only discuss a line contact between a cylindrical and 
flat surface. This is because this type of line contact is the only one used in 
the experimental research on coupon scale samples, see chapter 4. A 
contact model with the interacting forces of the performed fretting fatigue 
experiments is shown in Figure 2.7. The line contact is located between the 
cylindrical surface of the indenter, named pad, and the flat surface of the 
dogbone specimen. Remark that only one symmetric half of the contact 
model is drawn, so in fact there are two opposing line contacts in the model. 
 
 
 
Figure 2.7. Contact geometry and interacting forces of the experimental 
fretting fatigue configuration. 
 
3.2.2 Hertzian line contact  
 
When both a flat and cylindrical surface are loaded by a normal force FN 
(Figure 2.7, FT = 0, Ffat = 0), the contact can be analytically described by 
Hertz’ theory. Before considering Hertz’ theory some boundary conditions 
should be fulfilled. The surfaces should be smooth, elastic and frictionless. 
The contact should be incomplete and non-conformal. The bodies are 
simplified to two dimensions in plain strain conditions. 
 
Hertz’ theory proved that the pressure distribution between a flat and 
cylindrical surface (radius R) is parabolic, see Figure 2.8 and equation (2.9). 
The width of the parabola is 2 a, where a is the semi-contact width, equation 
(2.11). The maximum normal pressure pmax is given by equation (2.12). The 
parameters to characterize both materials are on the one hand the elasticity 
moduli E1, E2 and on the other hand the Poisson coefficients ν1, ν2. The length 
of the contact area ( a) is given by l. 
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Figure 2.8. Normal pressure distribution in a line contact (Hertz). 
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3.2.3 Line contact with tangential load 
 
Introducing a tangential force FT on a line contact (Figure 2.7, Ffat = 0) 
introduces a tangential contact stress distribution q(x). To analytically 
calculate the tangential stress distribution, the Hertz’ boundary conditions 
should be fulfilled and the two bodies should be elastically similar. This 
causes a decoupling between the normal and tangential stress distribution 
since the Dunders’ parameter β, equation (2.13) [2.36] is zero. In 
equation (2.13) is G the shear modulus and κi = 3-4νi in case of plane strain 
and κi = (3-νi)/(1+νi) in case of plain stress. The decoupling ensures that the 
normal contact stress distribution p(x) does not affect the tangential contact 
stress distribution q(x) and vice versa. 
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Depending on the size of the tangential force, the tangential contact stress 
distribution will have another shape. If the tangential force is zero, of course, 
the tangential stress distribution will be zero. If the tangential force is larger 
than the maximum Coulomb force FT > |µFN|, the contact is appointed as 
gross sliding. This means that every single point in the contact area slips. 
The shape of the tangential contact stress distribution is parabolic 
(cf. Figure 2.9 (a), µp) with a maximum value qmax = µpmax. 
 
The last loading case is the most frequent one with respect to fretting 
conditions. This tangential contact stress distribution is obtained when the 
tangential force is smaller than the maximum Coulomb force but different 
from zero. The Coulomb theory considers this type of contact as globally 
sticking. However, there is some local slip in the contact area between the 
contacting bodies. The contact area is locally divided in two areas: one 
central area where the bodies are sticking, and one area where the bodies 
slip. This reasoning was first found by Mindlin [2.37] and Cattaneo [2.38]. 
They assumed initially no slip () in the contact and calculated 
analytically the tangential contact stress distribution q1(x), Figure 2.9 a, 
equation (2.14). Combining this stress distribution with the limiting stress 
distribution given by Coulomb (µp) indicates which parts of the contact area 
are slipping: q1(x) > µ p(x) and which are sticking: q1(x) < µ p(x).  
 
An analytical value c, equation (2.15), can be calculated as the border 
between the central stick zone (|x| < c) and the surrounding slip zones 
(c < |x| < a). The tangential contact stress distribution q(x) is calculated as a 
subtraction of two parabolas, one is the Coulomb parabola (µp) minus a 
scaled parabola, equation (2.16), Figure 2.9 b. 
 
1( ) ;
² ²
TFq x x a
l a x
 
    
(2.14) 
1 T
N
Fc
a µF
 
 
(2.15) 
2 2
max max
'
( ) 1 1 ; ; '
x c x
q x µp µp x a x c
a a c
     
          
       
(2.16) 
31 
Figure 2.9. (a) Reasoning of (b) tangential contact stress distribution in a line 
contact with FN > 0; FT ≠ 0; Ffat = 0. 
 
 
3.2.4 Line contact with bulk load 
 
The last discussed parameter in the fretting fatigue contact is the fatigue 
load, Ffat in Figure 2.7. Consider the loading case where only a normal force 
FN and fatigue force Ffat are applied. Since no tangential force FT is applied, 
this parameter is zero. The line integral of the tangential contact stress 
distribution should also be zero, ∫ q(x) dx = FT = 0, but thus not imply that the 
tangential contact stress distribution is zero along the contact.  
 
The fatigue force in the specimen causes a uniaxial stress and strain state, 
also at the location of contact. In contrast, the pad is not uniaxial loaded in 
the direction parallel to the fatigue force. At the contact there is a different 
loading state in the specimen and the pad. This difference results in a 
tangential contact stress distribution q(x) between the two specimens. Taking 
into account the symmetric geometry and loading, it is physically clear that 
the tangential contact stress distribution is point symmetric in x = 0 (Figure 
2.10). The tangential contact stress distribution can be numerically calculated 
or analytically approximated as described by Tur et al. in [2.39]. 
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Figure 2.10. Tangential contact stress distribution q in a line contact with 
FN > 0; FT = 0; Ffat ≠ 0. 
 
The last loading condition discussed is when all three forces apply, as in 
Figure 2.7. The combination of tangential force FT and fatigue force Ffat 
results -as in previous loading cases- in a contact area that is centrally 
sticking and adjacently slipping. The directions of slip in the slipping areas 
are governed by FT and Ffat. In both slipping areas, the local slip can be in 
one direction (FT >> Ffat) or in reverse directions (FT << Ffat). In the first case, 
the tangential contact stress distribution q(x) for unidirectional slip is 
analytically given by Hills and Nowell [2.34]. The second load case with 
reverse slip, an approximate calculation is given by Tur et al. [2.39]. 
 
The distribution of q(x) was first analytically calculated by Hills and Nowell 
[2.34] with a similar reasoning as Mindlin and Cattaneo. In analogy to the 
latter the tangential contact stress distribution q(x) is modelled as a 
perturbation on the limiting Coulomb parabola, equation (2.17). The only 
difference is that the location of the sticking zone is shifted with a distance ‘e’ 
compared to the loading case where the fatigue force is absent. The 
eccentricity e is logically a function of the fatigue force Ffat and can be 
calculated according to equation (2.18). 
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In case of unidirectional slip (FT >> Ffat) in the contact, the tangential contact 
stress distribution q(x) will be either positive or negative (Figure 2.11). Note 
that equation (2.17) is only valid when e + c  a, which means that the shifted 
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stick zone should be inside the contact area. However, if the fatigue force Ffat 
is sufficiently high, this last boundary condition will be violated and equation 
(2.17) is not valid anymore. 
 
 
 
Figure 2.11. Tangential contact stress distribution q in a line contact with 
FN > 0; FT ≠ 0; Ffat ≠ 0. 
 
In case of high fatigue load and resulting reverse slip, it is impossible to 
calculate the tangential contact stress distribution q(x) as an analytical closed 
form solution. Unlike previous solutions we will use an approximated solution 
to analytically calculate the tangential stress distribution. The approximated 
solution is given by Tur et al. in [2.39]. 
 
The contact area is again partitioned in a central stick zone surrounded by 
two sliding zones. In the sliding zones is q(x) = ± µp(x) (Figure 2.12 a, red 
dotted line); both sliding zones will slip in opposite directions. In the sticking 
zone of the contact the tangential contact stress distribution q(x) is 
approximated by the subtraction of two parabolas (Figure 2.12 a, green 
dashed line), which are parametrically defined by: c’,d’, c”,d”; and two 
intersections with q(x) = ± µ p(x). For a given loading case (FN, FT, Ffat) one 
can construct a tangential contact stress distribution based on c’,d’,c”,d” for 
evaluation. A least squares fitting algorithm is used to find the best 
combination of c’,d’,c”,d” for a given loading case. This optimization is 
performed for a wide range of loading cases and four lookup tables are 
constructed for c’,d’,c”,d”, based on the parameters (FN, FT and Ffat). 
 
The approximated solution to obtain the tangential contact stress distribution 
q(x) for contacts in reverse slip is hereby simplified to the interpolation in four 
tables and some algebra. This approximation achieves an accuracy better 
than 1%. 
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(a) 
 
(b) 
Figure 2.12.Tangential contact stress distribution in a line contact with FN > 0; 
FT ≠ 0; Ffat ≠ 0. (a) Construction,(b) Result. 
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3.2.5 Flow chart to calculate stress distributions in the contact 
 
In previous paragraphs we discussed some analytical solutions to calculate 
the tangential contact stress distribution q(x) depending on the applied 
forces. A flowchart to calculate the tangential contact stress distribution is 
given in Figure 2.13. 
 
 
 
Figure 2.13. Flowchart to calculate the tangential contact stress distribution 
q(x). 
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3.3 Fretting loops 
 
Fretting loops are used to derive the contact conditions of a fretting 
experiment. A fretting loop is drawn by plotting the relative tangential 
displacement δ on the X-axis and the tangential force FT on the Y-axis. Three 
different contact conditions can be seen from the fretting loops: elastic 
behaviour, partial slip and gross sliding (Figure 2.14). 
 
The first contact condition, elastic behaviour, reveals almost no slip in the 
contact. The measured displacement is mainly due to elastic deformation of 
the bodies. In a fretting loop this is presented as a straight line, assuming a 
100% efficiency of the elastic energy recuperation. During partial slip 
conditions a reasonable amount of the contact is sliding, however at least 
one point of the area remains stuck. The fretting loop for this contact 
condition is a narrow elliptical curve. The last contact condition, gross sliding, 
has solely sliding points in the contact area. The fretting loop is fairly square 
shaped with top and bottom horizontal lines of constant tangential force 
FT = µFN. When the sliding amplitude in a contact increases to more than the 
semi contact length a, the contact is nominated as reciprocating sliding 
instead of gross sliding [2.40]. However, the shape of the loop is similar to 
gross sliding. 
 
 
 
Figure 2.14. Contact conditions during fretting 
 
The area inside the fretting loops is equal to the dissipated energy by 
frictional work. The different contact conditions can be ranked in order of 
increasing dissipated energy: elastic behaviour, partial slip and gross sliding. 
 
3.4 Fretting maps 
 
Fretting maps are used to distinguish different fretting running conditions as 
function of some external variables, e.g. slip amplitude and normal load. 
During the running-in of a fretting experiment the contact conditions can 
change. This is clearly visualised in a three-dimensional graph of fretting 
loops versus the number of cycles, called fretting maps, see Figure 2.15. 
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Three different fretting running conditions are referred to: partial slip regime 
(PSR), mixed slip regime (MSR) and gross slip regime (GSR). In the partial 
slip regime the contact is always in the partial slip condition, independent of 
the number of cycles. In the mixed slip regime the contact condition changes 
from gross sliding to partial slip. This typically happens at the beginning of a 
fretting experiment when the coefficient of friction increases. In the friction log 
it can be seen as a narrowing and increase of the fretting loops. The gross 
sliding regime displays a fretting loop of gross sliding for every cycle. The 
three fretting running conditions are plotted on a running condition fretting 
map shown in Figure 2.15. 
 
 
 
Figure 2.15. Three different fretting running conditions [2.20]. 
 
On top of a running condition fretting map (RCFM) a material response 
fretting map (MRFM) can be drawn [2.41]. A material response fretting map 
shows the different failure behaviours in function of the normal force and the 
slip amplitude. Three main material responses can be distinguished, Figure 
2.16. 
 
The first material response is when no damage can be detected, which 
happens in case the sliding amplitude is very small. Very small sliding 
amplitude is of course relative and function of the material combination, 
geometry and normal force. For example, a flat nickel-chrome alloy fretted 
against a flat carbon steel at 88 N normal force causes detectable damage at 
an amplitude of 2.75 µm. In contrast, a steel alloy ball fretted against a 
carbon steel flat plate at a normal force of 88 N cause already damage at 
0.75 µm [2.42].  
 
The second material response is cracking. The main damage caused to the 
material is nucleation of small cracks. With increasing slip amplitude or 
decreasing normal force, there will be more and more wear occurring.  
 
The third and last material response is wear induced by debris formation. 
When the slip amplitude is sufficiently large, the dominant damage will be 
wear which is induced by debris formation. 
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Figure 2.16. Representation of the fretting regime analysis and the material 
response [2.43]. 
 
3.5 Fretting palliatives 
 
In some applications fretting and its associated damage are unavoidable. In 
order to continue using these applications there are some palliatives for 
fretting. Palliatives do not eliminate fretting, but have a beneficial influence on 
damage and lifetime. Fouvry et al. suggest two ways on how palliatives 
physically influence the fretting behaviour [2.18]. First are the modifications to 
the contact area which reduce the contact stresses. This includes adding 
lubricants or coatings to reduce the coefficient of friction, or adding compliant 
coatings to accommodate the slip. Second are palliatives that increase the 
resistance against fretting. This palliative mainly restricts the crack initiation 
by adding residual compressive stresses at the surface. Adding   residual 
compressive stresses can be done by laser shot peening, shot peening, PVD 
coating, etc. A more detailed study on palliatives for fretting fatigue 
(sometimes applicable for fretting) is given in paragraph 4.3. 
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4 Fretting Fatigue 
 
The research field on fretting fatigue deals with the simultaneous interaction 
of fretting and fatigue. Applications where fretting fatigue is observed are 
generally dynamic loaded connections (Figure 2.17). Examples are lap joints 
[2.44], shaft-hub connections [2.45], dove tail connections [2.46] and splined 
connections [2.47]. 
 
 
 
Figure 2.17. Typical connection techniques prone to fretting fatigue. 
 
4.1 Definition 
 
Fretting fatigue is defined by the ASTM as: “The process of crack formation 
at a fretting damage site, progressive crack growth, possibly culminating in 
complete fracture, occurring in a material subjected to concomitantly fretting 
and fluctuating stresses and strains” [2.48].  
 
In 2002, the first standard on fretting fatigue was developed by the Japanese 
Society of Mechanical Engineers (JSME) [2.49]. This standard gives a 
method for fretting fatigue testing without any nomenclature. The proposed 
test configuration is a bridge type as shown in Figure 2.18. The specimens’ 
geometries are defined and constrained (Figure 2.19). The standard also 
gives directions for specimen preparation, test setup, experiment execution 
and reporting. 
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Figure 2.18. JSME standard fretting fatigue test configuration [2.49]. 
 
 
  
 
Figure 2.19. JSME fatigue fatigue specimens: (a) round specimen, (b) flat 
specimen, (c) pad [2.49]. 
 
The development of an ASTM standard on fretting fatigue has a history of 
twenty-three years. In 1988, the ASTM E09 committee on fatigue created a 
task group to define fretting fatigue and standardise fretting fatigue testing 
[2.50]. Since 1990 specific conferences have been organised (International 
Symposium on Fretting Fatigue) on state of the art research and the progress 
of standardisation [2.51]. At the fifth international symposium on fretting 
fatigue (2007, [2.52]) the ASTM task group E08.05.05 on fretting fatigue was 
restarted with the development of a standard for fretting fatigue testing.  
 
In 2011, ASTM published the standard E2789: standard guide for fretting 
fatigue testing. The standard defines terminology, covers some general 
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requirements for fretting fatigue testing and reporting, describes the general 
types of fretting fatigue tests and gives some directions for test programs. 
The terminology section uses some definitions from earlier standards: G15 
[2.53] and G40 [2.54]. Sixteen new definitions concerning fretting fatigue are 
given. It should be noted that eleven of these definitions are appended with a 
discussion and that the definition of the displacement amplitude conflicts with 
the ASTM E1823 standard [2.55]. The standard covers several contact 
geometries, interfacial conditions and test setups. However, the standard 
thus not recommend or discourage any of them. The global guidance is to 
choose all the test conditions such as contact geometry, interfacial 
conditions, loads, etc. (and hence also the test set-up) as close as possible to 
the studied application. 
 
4.2 Fretting fatigue mechanisms 
 
Most mechanisms occurring in fretting and fatigue also occur in fretting 
fatigue. In addition, the mechanisms can interact, resulting in even more 
complex mechanisms. Fretting fatigue is influenced by a large number of 
parameters. In 1964, Collins et al. stated that 50 parameters influence fretting 
fatigue [2.56]. Dobromirski et al. divided this set of variables in two groups: 
primary and secondary variables [2.57]. Primary variables affecting fretting 
fatigue are: coefficient of friction, slip amplitude and contact pressure. All the 
other parameters are considered to be secondary parameters which indirectly 
influence the fretting fatigue process by affecting the primary set of variables. 
 
Vingsbo and Soderberg [2.58] observed the influence of the sliding amplitude 
on the fatigue life and wear, Figure 2.20. A very small sliding amplitude, 
δ < 3 µm, results in a negligible wear and minor influence on the fatigue life. 
Slip amplitude between 3 µm and 30 µm generates a bit more wear but can 
reduce the fatigue life with a factor ten. This is the operating regime of fretting 
fatigue. Higher slip amplitudes δ > 30 µm generate even more wear volume 
but do not significantly affect the fatigue life. This is the operating regime of 
fretting wear. 
 
A sliding amplitude δ < 3µm gives insignificant (fretting) damage. It is logical 
that no significant wear or fatigue life change occur. In case of sliding 
amplitudes between 3 µm and 30 µm, the contact operates in the mixed stick 
slip regime and generates fretting damage. The damage is mainly crack 
initiation with minor amount of wear generation. Fretting cracks initiate faster 
than ordinary fatigue cracks would initiate. However, once a crack is initiated, 
the crack will propagate due to the dynamic loading. Therefore, the fatigue 
life can drop by an order of magnitude. When the sliding amplitude is higher 
than 30 µm, the contact is in gross sliding regime. The main damage 
mechanism is wear. In fact cracks still initiate but are worn away faster than 
the crack can propagate. For this reason, the fatigue life is not affected. 
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Figure 2.20. Influence of the slip amplitude on the fatigue life and wear [2.58]. 
 
Analogue to fatigue, the crack formation during fretting fatigue is governed by 
different mechanisms, see Figure 2.21 [2.59]. The first stage, crack initiation, 
starts with surface damage and nucleation of cracks in the specimen (and the 
pad). Small cracks agglomerate until one short crack is said to be initiated. 
This stage is governed by the interaction (material, geometry, forces, …) 
between both samples, i.e. fretting. 
 
The second stage is short crack propagation. This stage is mainly influenced 
by the stresses in the contact between the pad and the specimen. The 
normal force FN, the tangential force FT, and the fatigue force Ffat contribute 
to the growth of the crack. The crack growth can be calculated with linear 
elastic fracture mechanics as a combination of normal loading (mode I) and 
shear loading (mode II). The crack grows into the specimen at a certain 
angle and continues growing towards a crack perpendicular to the applied 
bulk stress. 
 
The third stage is long crack propagation. In fretting fatigue conditions, the 
long crack propagation is similar to the case of pure fatigue conditions. The 
crack growth is dominated by the fatigue load (mode I) and grows 
perpendicular to this load. Frequently used models for crack growth are linear 
elastic fracture mechanic based such as the Paris law or NASGRO [2.60]. 
 
The last stage is the final fracture, identical to the last stage of fatigue. A 
propagating crack decreases the cross section of the specimen. If the 
remaining cross section is small enough, the material will fracture due to 
overload. 
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Figure 2.21. Four different stages during the fretting fatigue process  
(not to scale). 
 
4.3 Fretting fatigue palliatives 
 
Avoiding the negative effects of fretting fatigue can be done by avoiding 
fretting fatigue contacts. However, in some applications it is impossible to 
avoid these types of contacts, e.g. the dovetail connection between a turbine 
blade and a rotor. The monocrystalline blade is a self-closed pair with the 
rotor causing a contact. Turbine engines will always vibrate due to operation. 
Consequently, this type of dovetail connections will always suffer fretting 
fatigue. To increase the performance of the connection (e.g. higher number 
of cycles to failure) palliatives can be used. In literature several palliatives for 
fretting, fatigue and fretting fatigue can be found. However, the reported 
improvements show sometimes a non-consistent or even opposite behaviour. 
This makes it impossible to evaluate the palliatives in general. 
 
Paragraph 4.3.1 describes the physical background of how palliatives can 
influence the fretting fatigue behaviour. Paragraph 4.3.2 lists some frequently 
seen palliatives in fretting fatigue research. 
 
4.3.1 Palliative mechanics 
 
Five palliative mechanics for fretting fatigue will be discussed: reduction of 
friction, introduction of residual compressive stresses, increasing surface 
hardness, altering surface chemistry and modifying the microtopography. 
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First, reducing the coefficient of friction will reduce the contact stresses. A 
lower coefficient of friction yields a lower tangential force to the same normal 
force. As a result, the occurring contact stresses will be lower. Lower 
stresses cause less and slower fretting fatigue damage. 
 
Second palliative mechanism is the introduction of residual compressive 
stresses. These stresses will counteract the high tensile stresses typical in 
fretting fatigue contacts (Figure 2.22). The total amount of stresses in the 
contact and its vicinity will be lower causing less and slower fretting fatigue 
damage. The residual compressive stresses have an additional palliative 
mechanism. Initiating or existing cracks will be less prone to propagate due to 
the compressive stresses. However, introducing residual compressive 
stresses at the surface will inevitably introduce residual tensile stresses 
remote from the surface (Figure 2.22 b) to meet stress equilibrium. A 
propagating crack which reaches this tensile zone will grow faster compared 
to untreated bodies. 
 
 
Figure 2.22. Typical stress distribution centrally under the contact: (a) fretting 
fatigue contact, (b) residual compressive stress and (c) combination of both. 
 
A third palliative mechanism is the increase of surface hardness. This surface 
treatment reduces the wear mechanisms of adhesion and abrasion. 
Consequently, the severity of fretting wear will be reduced. However, some 
palliatives introduce a high hardness gradient (e.g. electroplating, hard 
anodizing) which gives rise to high stress concentrations. This is 
disadvantageous for fretting fatigue strength. 
 
The fourth palliative is the altering of the surface chemistry. Identical 
materials in contact are more likely to adhere to each other than dissimilar 
materials. More adhesion results in higher tangential stresses, increasing the 
likelihood of fretting fatigue damage. Changing the surface chemistry of one 
body responds to this property. Altering the surface chemistry of both bodies 
can only be beneficial if the new surfaces adhere less. Also, changing the 
surface chemistry to a less oxidizing material will reduce fretting corrosion 
and the amount of corroded debris. 
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The last palliative is changing the surface topography. The palliative 
mechanism aims to reduce the portion of fretting debris remaining in the 
contact. Fretting debris in the contact causes high contact stresses and third 
body abrasion. Both factors accelerate the damage process. To reduce or 
retard this damage mechanism, fretting debris should be removed as quickly 
as possible from the contact. This can be done by altering the surface 
roughness [2.61] or by introducing sinkholes (dimples) for fretting debris in 
the surface, see Figure 2.23. 
 
 
 
Figure 2.23. (a) Third body fretting debris damaging the contact, (b) fretting 
debris evacuated from the contact. 
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4.3.2 Palliative techniques 
 
Seven palliative techniques are discussed below: coatings, shot peening, 
shot blasting, laser shot peening, deep rolling, low plasticity burnishing and 
microtopography. Of course, any combination of two or more surface 
modification techniques is possible as well, [2.62-64] but this will not be 
explicitly discussed. Table 2.1 gives an overview of some surface 
modification techniques and their palliative mechanism. 
 
Table 2.1 Surface modification techniques and their palliative mechanism. 
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Coating              
 
 
Ti (IBED & MG) Y Y Y Y N + [2.63] 
 
Alumina (MAO) - N Y Y N - [2.65] 
 
Cu-Ni-In (DTS) Y N Y Y N - [2.66] 
 
TiN (PVD & CVD) Y Y Y Y N + [2.67] 
 
Diamond Like Carbon 
(PIII & RFPD) 
Y Y Y Y N + [2.68] 
Surface modification 
 
           
 
Nitriding Y - Y Y N - [2.63] 
 
Shot peening N Y Y N N + [2.69] 
 
Shot-blasting  N Y Y N N + [2.70] 
 
Laser shot peening - Y Y N N + [2.69] 
 
Deep rolling N  Y Y N N + [2.71] 
 
Low Plasticity Burnishing - Y Y N N + [2.72] 
 
Laser surface texturing - - - - Y + [2.73] 
 
Coatings can be applied on many different substrates with a variety of 
coating materials (Alumina, Ti, TiN, Diamond Like Carbon, Cu-Ni-In, etc.) and 
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application techniques (Physical Vapour Deposition, Chemical Vapour 
Deposition, Ion Beam Enhanced Deposition, etc.). Dependent on the 
coatings properties and the application method, different palliative 
mechanisms are acting, see Table 2.1. The majority of the coatings alter the 
surface chemistry, reduce the coefficient of friction and induce the surface 
hardness. Most coatings have a positive influence on the fretting fatigue 
behaviour. 
 
Research of a TiN coating on ASP23 tool steel subjected to fretting is given 
by Mohrbacher et al. [2.74]. The duration of plasma nitriding has a clear 
influence on the hardness profile, Figure 2.24 a. While the maximum 
hardness remains ~ 1600 HVN, a longer duration will result in a hardness 
that penetrates deeper into the surface of the substrate. Despite the coating 
thickness, eventually fretting wear will perforate through the coating as 
visualised in Figure 2.24 b. The initial coefficient of friction in the steel-to-
coating contact is ~ 0.1. When the fretting wear scar perforates through the 
coating thickness there is a rise in coefficient of friction up to µ ≈ 0.7 (steel-
steel contact). Subsequently, the coefficient of friction drops to µ ≈ 0.2. The 
debris particles between both surfaces are in steady state (2·104…3·105) and 
act as a solid lubricant, decreasing the friction. 
 
 
 
Figure 2.24. a: Vickers hardness profile underneath a TiN coated surface. b: 
fretting wear profile in function of the number of cycles. c: coefficient of 
friction in function of the number of cycles [2.74]. 
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Shot peening and shot blasting are two similar surface modification 
techniques. The substrate surface is randomly impacted with small particles 
(e.g. steel, ceramic, etc.), causing local abrasion and/or plastic deformation of 
the surface. Shot peening is typically a finishing process with more focus on 
the cold work i.e. plastic deformation of the surface, see Figure 2.25 (a). In 
contrast, shot blasting is more used as an intermediate process with the 
emphasis on material removal by abrasion. For example, to clean and 
roughen the surface after which a coating can be applied.  
 
(a) 
 
 
(b) 
 
 
(c) 
 
Figure 2.25. Shot peening: (a) principle, (b) cross section of a dimple and (c) 
surface appearance [2.75]. 
 
During shot peening a ductile material is impacted by small and hard particles 
at a high velocity. Every single shot plastically strains a small part of the 
substrates surface. A thin layer at the surface is hereby work hardened and 
the surface shows an irregular roughness. The palliative mechanisms are the 
introduction of residual compressive stresses at the surface (Figure 2.28) and 
the increase in surface hardness. The increasing surface roughness can lead 
to a reduced action of third body abrasion (cf. microtopography). 
Disadvantages of shot peening and shot blasting are the random location of 
the impacts. One surface area can be bombarded multiple times while other 
parts of the surface can be untreated. This gives stress gradients and a non-
uniform depth of residual compressive stress. Both are detrimental since they 
reduce the palliative effect. Occasionally, a second drawback can be 
observed: the formation of small surface cracks at the border of the impacted 
cavity as shown in Figure 2.26, top. 
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Figure 2.26. Microstructure after: top, shot peening;  
bottom, laser shot peening [2.69]. 
 
A more structured way of impacting a surface is done by laser shot peening 
(LSP). Laser shot peening is done by irradiating a target with a focussed 
laser beam, see Figure 2.27. The treated surface is exposed to a high 
surface power density (> 1 GW / cm²) for a short time (1..100 ns). One laser 
shock will ablate the first atomic layer of the base material, creating a 
temporary plasma. The abrupt expansion creates a pressure shock wave 
through the material. The shock wave plastically deforms the base material if 
the peak stress remains above the Hugoniot elastic limit, leaving a residual 
stress [2.76]. Below this limit the shock wave will still propagate but only 
deform the base material elastically. This process is purely mechanical; no 
thermal process takes place, so the microstructure of the material remains 
unchanged. 
 
To avoid ablation of the first atomic layer of the base material, the surface is 
painted black or covered with a disposable thin metallic tape or another 
medium. LSP on this surface will result in similar residual stresses without 
ablating the base material. To increase the LSP efficiency, the surface to be 
treated is submerged in water or other dielectric material. More details on 
laser shot peening can be found in [2.77]. 
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Figure 2.27. Principle of laser shot peening [2.77]. 
 
Laser shot peening has as main goal to introduce residual compressive 
stresses at the surface. A secondary palliative mechanism is the increased 
surface hardness. Two residual stress profiles of a LSP treated aluminium 
alloy 7075-T651 are shown in Figure 2.28. The residual stress profiles are 
compressive for more than a millimetre underneath the surface. A higher 
surface power density (2 GW / cm²) gives a higher maximum compressive 
stress and a deeper penetration of the compressive stress. Compared to shot 
peening, the maximum compressive stress is lower, but the compressive 
stresses penetrate deeper in the body. On top of that, LSP gives a smoother 
surface and no cracks at the surface (Figure 2.26 bottom). 
 
 
 
Figure 2.28. Residual stress profile perpendicular to the surface for shot 
peening and laser shot peening [2.69]. 
 
The influence of LSP on the lifetime during fatigue experiments is shown in 
Figure 2.29. Compared to the untreated surface, the lifetime increases with 
22 % when laser shot peened and 10% when shot peened [2.78]. 
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Figure 2.29. SN-curve for untreated, shot peened and laser shot peened 
aluminium 7075-T7351 [2.78]. 
 
Deep Rolling (DR) and Low Plasticity Burnishing (LPB) introduce residual 
compressive stresses in a body by mechanical contact. This in contrast to SP 
en LSP that introduce residual stresses by shock waves. In both techniques, 
DR en LPB, is the specimen surface rolled with a hard axisymmetric body. 
Introduced (Hertz) stresses above the yield stress result in plastic 
deformation and work hardening which gives rise to a permanent residual 
stress state. A secondary induced palliative mechanism is the increased 
surface hardness. 
 
Low plasticity burnishing is performed by rolling a hard spherical body 
(burnishing ball) over the specimen, see Figure 2.30. The burnishing ball is 
prestressed on the workpiece and is moved in lateral direction. The entire 
surface to be treated is traced with a sufficiently dense mesh. The surface 
asperities are flattened by the burnishing process leaving a highly polished 
surface. The residual compressive stress distribution is similar to laser shot 
peening (Figure 2.28). Depending on the process parameter the residual 
stress distribution can be similar to LSP [2.79], or more compressive [2.62]. 
However, both references show an increase in fretting fatigue lifetime 
compared to the untreated bodies. 
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Figure 2.30. Principle of the low plasticity burnishing process [2.80]. 
 
Deep rolling is done by rolling a specimen between two hard cylindrical 
bodies. Deep rolling is a type of traditional cold rolling in which the thickness 
reduction is rather small. The main aim of deep rolling is to introduce residual 
compressive stresses at the surface. 
 
Both process and results are similar to LPB as well as the results. A residual 
compressive stress is introduced at the surface (Figure 2.31, left) and the 
surface asperities are mostly flattened decreasing the surface roughness. 
Deep rolling increases the lifetime when subjected to (fretting) fatigue 
loading, see Figure 2.31 right [2.71, 81, 82]. 
 
 
 
Figure 2.31. Left: residual stress state after shot peening (SP) and deep 
rolling (DR). Right: fretting fatigue lifetime of virgin and treated samples 
[2.71]. 
 
The last surface modification technique is laser texturing. In contrast to 
previous palliatives, this mechanism is not based on the introduction of 
residual stresses. The palliative mechanism works on two points. First, due to 
the texturizing, the contact areas are not perfectly smooth and the overall 
contact is redistributed over several small contacts. This redistribution also 
modifies the subsurface stress and strain fields and can improve the fretting 
fatigue behaviour [2.83]. Second, texturing reduces debris in the contact and 
minimize the effect of third body abrasion. Reducing the amount of debris in 
the contact is made possible by applying small cavities in the surface where 
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debris particles can be removed from the contact. Cavities are created on the 
surface by laser texturing. A focussed laser beam radiates a small spot on 
the surface and ablates the upper atomic layers. The main difference with 
laser shot peening is the longer exposure time and the absence of a coating 
and dielectric media. More repetitions increase the depth of the cavity. 
However, the depth of the cavity is a trade-off. First, the depth should be 
large enough to accommodate the amount of fretting debris particles. 
Second, the depth should be small enough to avoid the cavity becoming a 
stress concentration. Laser textured cavities have the geometry of a shallow 
spherical cap. This geometry has the lowest stress concentration factor for 
the generated volume. 
 
Microtopography was first used in gross sliding conditions where the cavities 
served as debris evacuation holes and/or as grease reservoir. Positive 
results were obtained in terms of friction and wear [2.84, 85]. However, there 
is little research known to the author that deals with microtopography in 
experimental fretting fatigue research. Volchok et al. showed a positive 
influence on the fretting fatigue lifetime if one of the bodies is surface 
textured, see Figure 2.32. Textured specimens give an increase in lifetime if 
the depth of the cavities is small enough (2.6 µm). On the other hand, deep 
cavities (5.3 µm) decrease the lifetime due to the stress concentration effect. 
Micro texturing the pads gives an increase in lifetime of ~ 84 %, independent 
of the cavities depth. Stress concentrations in the pad scarcely affect the 
stress behaviour in the specimen which is subjected to the fatigue loading. 
 
 
 
Figure 2.32. The effect of microtopography on the mean fretting fatigue life 
[2.73]. 
 
4.4 Field measurement techniques in fretting fatigue 
 
Field measurement techniques measure a two dimensional or a three 
dimensional field were traditional instrumentation typically measure only one 
dimension. It is therefore not surprising that field measurement techniques 
can measure more information compared to traditional instrumentation. 
However, processing field information to advantageous data is of crucial 
importance. Field measurement techniques evolved the last decades to 
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resolutions and frequencies high enough to be useful in research. In fretting 
fatigue research field measurement techniques slowly make their introduction 
with the overall objective to measure closer to the contact compared to 
traditional measurement techniques. Reported field measurement techniques 
in fretting fatigue research are thermography and camera measurements 
whereupon calculations such as digital image correlation (DIC) are applied to 
respectively measure the stress field and slip at the contact. Although 
Szolwinski et al. used a thermal camera during fretting fatigue experiments in 
1998, the technique was not frequently used any more in literature [2.86]. 
The authors used thermography to visualise the stress field around the 
contact and compare this to finite element simulations. Quantitative results 
are obtained. Digital image correlation is used in 2010 by Kartal et al. whom 
believe to be the first researchers to use DIC to measure frictional contact 
behaviour [2.87]. This research and later research [2.88, 89] use DIC to 
measure slip closer to the contact compared to traditional measurement 
techniques. 
 
5 Summary and conclusions 
 
The fretting fatigue phenomenon is the interaction of two well-known 
mechanical phenomena: fretting and fatigue. Although both are separately 
well known in literature, the mutual interaction of both is little described. Only 
recently, a generally accepted definition is given for fretting fatigue. In all 
other respects there is no consensus about fretting fatigue e.g. the amount of 
influencing parameters, the relative importance of the influencing parameters, 
the acting mechanisms, the experimental procedure, the computer simulation 
procedures, the analysis methods, the effectiveness of palliatives, etc. As a 
consequence there is a proliferation of application specific approaches. 
 
Given the large number of open questions, the plurality of application specific 
theories and the lack of comparable experimental work, it is not sensible to 
develop yet another application specific solution. It is also beyond the scope 
of this work to find a generally acceptable theory. The focus of this work will 
be two-way: the experimental validation of palliatives independent of test 
equipment and the implementation of advanced field measurement 
techniques during experimental research. 
 
Fretting fatigue palliatives that increase the total lifetime will be studied on a 
generic manner. The focus is on a few fretting fatigue palliatives and the 
combinations of these palliatives. To break free from the usual single 
application/test method approach, the palliatives will be tested on two 
different scales. Experiments will be conducted on coupon scale and full 
scale to obtain a more representative view on the effectiveness of the 
palliative, independent of the experimental setup. 
 
A second focus of this work is on the expansion of useful information from 
one experiment. In particular, the visualisation of macroscopic quantities 
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during experiments. Rather than using a few one dimensional characteristics 
to describe the entire experiment, several field measurement techniques will 
be used. The most interesting two dimensional quantities are the stress field 
and the displacement field since they provide main mechanical variables and 
can directly be used to compare with results from finite element simulations. 
The stress field and displacement fields will be visualised with respectively a 
thermographic camera and optical cameras whereupon digital image 
correlation is applied. 
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1 Goal 
 
One objective of this dissertation is to provide new insights on fretting fatigue 
palliatives independent of test setup or test configuration. To obtain such 
results, the palliatives should be tested on different setups. Therefore, two 
experimental setups need to be designed to test fretting fatigue at Soete 
Laboratory, Ghent University. To prevent the proliferation in literature of 
experimental data measured on different test rigs, no new test rig design will 
be developed. The focus is on selecting the two most suited state of the art 
test rigs. Of course, with also taking into account the second objective of this 
dissertation. This is to implement field measurement techniques to increase 
the quantity of useful data measured during one experiment. 
 
The second paragraph gives a structured overview of most fretting fatigue 
test rigs used in literature. Two test rigs are selected, the first one a coupon 
scale test rig with one actuator and adjustable compliance. The second test 
rig is a full scale double bolted lap joint tester. Both test rigs are respectively 
discussed in paragraph 3 and 4. The last paragraph gives a literature 
overview of two field measurement techniques that will be used during 
fretting fatigue testing. Thermography is discussed in paragraph 5.1, digital 
image correlation is discussed in paragraph 5.2. 
2 State of the art fretting fatigue test rigs 
 
Generally, the first systematic research on fretting fatigue with a dedicated 
test setup is attributed to Tomlinson in 1927. The research only focussed on 
fretting damage and corrosion. The influence of fretting damage on the 
fatigue life was first studied by Warlow-Davies in 1941. The experiment was 
performed in two steps, primarily applying fretting and subsequently applying 
fatigue. For this experiment two different test rigs were used. In 1953, 
McDowell build a test rig for fretting fatigue research as we know it today. 
The test rig simultaneously applies fretting and fatigue and the research 
focuses on the synergy between fretting and fatigue [3.1]. 
 
Focussed research on fretting fatigue requires a dedicated fretting fatigue 
test rig. Over the years there has been a proliferation of test rigs. However, a 
lack of standardisation of fretting fatigue testing caused poor comparability 
between results obtained with different test rigs [3.2]. 
 
The existing fretting fatigue test rigs are very different from each other. 
However, a basic classification of the state of the art fretting fatigue test rigs 
is given in Figure 3.1. The first subdivision is made between full scale test 
rigs and coupon scale test rigs. Full scale test rigs are not further classified in 
categories because of their wide variety. A list of common full scale test rigs 
is given in paragraph 2.1. The coupon scale test rigs are further classified 
based on increasing controllability, see paragraph 2.2. 
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Figure 3.1. Classification of fretting fatigue test rigs. 
 
2.1 Full scale test rigs 
 
Full scale test rigs are designed for testing real (or scaled) components with 
their physical geometry, mainly lap joint connection techniques as listed in 
Table 3.1. Full scale experiments are interesting to study the actual failure 
behaviour and to perform parametric studies such as material combination, 
lubrication, surface modification, etc. 
 
The major advantage of full scale fretting fatigue experiments is their 
similarity with an actual application in terms of geometry, materials and 
external forces. The local contact geometry and material combination 
determine the contact type. The global specimen’s geometry and the material 
combination give the compliance of the contact and hence the tangential 
stress distribution and the slip in the contact. 
 
The disadvantage of full scale testing is that results of different test rigs can’t 
easily be compared with each other. Also, full scale experiments usually 
measure only industrial relevant parameters such as geometry, applied 
forces, fretting fatigue life, etc. All other parameters that fully characterize the 
experiment are not measured e.g. coefficient of friction, relative 
displacement, etc. This lack of information makes it impossible to compare 
them with coupon scale or other full scale experiments. 
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Table 3.1. Overview of some full scale fretting fatigue test rigs. 
 
Application  Research institute Ref. 
Dovetail 
connection 
 
Air Force Research Laboratory, 
Wright-Patterson AFB (USA) 
 
[3.3] [3.4] 
Lap joint 
connection 
 
Saitama University (Japan) [3.5] [3.6] 
University of New South Wales 
(Austria) 
[3.7] 
University of Michigan (USA) [3.8] 
University of Tabriz (Iran) [3.9] 
Wire ropes 
 
Imperial College London (UK) [3.10] 
French Public Works Research 
Laboratory (France) 
[3.11] 
Wire rope 
connection 
 
 
Universidade de Brasília (Brazil) [3.12] 
Press-fit 
connections 
 
KTH Solid Mechanics (Sweden) 
[3.13] 
[3.14] 
Splined 
coupling 
 
 
Nottingham University (UK) [3.15-17] 
Threaded 
connections 
 
 
 
Universitá di Pisa (Italy) [3.18] 
Leaf springs 
 
 
YMCA Institute of Engineering 
(India)  
[3.19] 
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2.2 Coupon scale test rigs 
 
Coupon scale test rigs use coupon scale specimens. These specimens have 
the advantage that all the dimensions can be chosen arbitrarily, independent 
of any application. Portable and manageable specimens for laboratory testing 
are most convenient. Second, coupon scale experiments are suitable for 
parametric studies on different geometries, material combinations, surface 
modifications, loading conditions, etc. Additional advantage of coupon scale 
test rigs is the visibility of the contact zone. In most full scale test rigs it is 
impossible to see either the contact area or the perpendicular to the contact 
area (where cracks appear). Although for fundamental experimental research 
it is of major importance to visualise the contact (and its vicinity) and be able 
to measure variables such as displacement, slip, stresses, etc. 
 
A schematic view of a cylinder-on-flat line contact in a coupon scale test 
setup is shown in Figure 3.2. Also, other types of contact can be used. There 
are three external forces interacting on the coupon specimens: a fatigue force 
Ffat, a normal force FN and a tangential force FT. 
 
 
 
Figure 3.2. Schematic view of contact geometry and interacting forces. 
 
Coupon scale test rigs are categorized with increasing controllability of the 
tangential force (Figure 3.1). The manner in which the normal force is applied 
does not have a significant role in the classification. 
 
The first type of coupon scale test rigs are single actuator test rigs. The 
actuator controls the fatigue load while the tangential load is not closed loop 
controlled. The tangential force can be generated in two ways: with floating 
bridges (Figure 3.3a) or with fixed bridges (Figure 3.3b). The normal force is 
usually applied with a floating proving ring i.e. a manually prestressed circular 
spring, see chapter 2. 
 
The second type of coupon scale test rigs are single actuator test rigs with 
adjustable compliance (Figure 3.3c). The actuator controls the fatigue load. 
The tangential force is similarly generated as described above. However, in 
contrast to the single actuator test rigs, the tangential force can be influenced 
prior to an experiment. By altering the compliance of the floating bridges or 
the fixed bridges, the generated tangential force is influenced. Note that the 
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tangential force cannot be influenced (nor controlled) during the experiment. 
The normal force is either applied with a proving ring or a hydraulic actuator. 
 
The last type of test rigs has two actuators (Figure 3.3d). In this type, the 
fatigue force and the tangential force can be separately controlled. Two 
mechanical configurations are possible. The first configuration is explicitly 
shown in Figure 3.3d, one actuator applies the fatigue force Ffat, while the 
second actuator applies the tangential force FT. The second configuration 
connects one actuator at each side of the dogbone specimen. The 
combination of both actuators generate a fatigue force in the specimen and a 
tangential force at the contact [3.20]. 
 
 
 
(a) 
Single actuator 
with floating 
bridges 
 
 
(b) 
Single actuator 
with fixed 
bridges 
 
 
(c) 
single actuator 
with adjustable 
compliance 
 
 
(d) 
two actuators 
Figure 3.3. Schematic overview of different types of coupon scale fretting 
fatigue test rigs. 
 
Some of the current state of the art coupon scale test rigs are listed in Table 
3.2. All the listed test rigs are of the second and third type (Figure 3.3 c, d). 
The contact is generally a line contact or to a lower extent flat contact. The 
only exception is the MIT test rig which uses point contacts. The used 
specimens are always one central dogbone shaped fatigue specimen that is 
clamped between two indenters. Two opposite indenters are used to avoid 
asymmetrical loading and bending of the dogbone specimen. 
 
Most of the fatigue actuators are servo-hydraulically (excluding Nagaoka) 
with loading capacities up to 500 kN. The hydraulic actuators can typically 
achieve loading frequencies up to 10 Hz. The load ratios range from 
completely reversed Rσ = -1 to a swell load of Rσ = 0.1. The capacity of the 
normal load and the tangential load go up to respectively 4.6 kN and 3.3 kN. 
Only exception in this is the Perdue test rig which has much higher loading 
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capacities to load their flat contact. However, the attainable contact pressure 
is for all experiments in the same order of magnitude ranging up to 1 GPa, 
see Figure 3.5. 
 
Figure 3.4. Overview of the applied forces on some coupon scale fretting 
fatigue test rigs. 
 
 
Figure 3.5. Maximum contact pressure of some coupon scale fretting fatigue 
test rigs. 
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Table 3.2. Overview of some state of the art coupon scale fretting fatigue test 
rigs. 
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3 UGent coupon scale fretting fatigue test rig 
3.1 Layout 
3.1.1 Specimens layout 
 
The UGent coupon scale fretting fatigue test rig is classified as a single 
actuator with adjustable compliance (Figure 3.3c). Each fretting fatigue 
experiment is performed with one central dogbone specimen and two 
identical indenter specimens - named pads. The geometry and the 
dimensions of these specimens are given in chapter 4. The relative position 
of the specimens during an experiment is shown in Figure 3.6. The 
cylindrically curved pads indent on the narrowed flat section of the dogbone 
specimen providing a line contact. The distance between the line contact and 
the bottom clamp is fixed for operational reasons. This causes the pads to 
engage on the dogbone specimen more in the direction of the applied fatigue 
force than the clamping. Symmetric loading of the pads is needed to avoid 
bending in the dogbone specimen. 
 
 
 
Figure 3.6. Fretting fatigue coupon scale specimens layout. 
 
3.1.2 Mechanical 
 
The fretting fatigue test set-up at Soete Laboratory is based on a universal 
testing machine (UTM) to which a fretting fixture is mounted, see Figure 3.7. 
The UTM consists of a load frame (brand: ESH testing) with one hydraulic 
actuator. The hydraulic cylinder is a dynamic through rod piston and is 
instrumented with a 100 kN loadcell and a displacement sensor. The actuator 
is controlled with a standalone MTS Flextest controller which also serves as 
data acquisition system. The test rig is powered by a hydraulic aggregate. 
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Figure 3.7. Overview of the fretting fatigue test rig. 
 
On the UTM a fretting fixture is installed (Figure 3.7) to obtain a fretting 
fatigue test rig of the type single actuator test rig with adjustable compliance. 
The fretting fixture is schematically shown in Figure 3.8. The fixture is used to 
clamp the pads (7), control the normal force FN and generate the tangential 
force FT. The fretting fixture consists of four sub-assemblies. First, the fretting 
fixture base. Second, the normal loading system. Third, the tangential loading 
system. And last, the pad holders. 
 
The fretting fixture base stiffly connects the fretting fixture to the load frame. 
The base consists of two horizontal supports (1) and one base plate (2). 
 
The normal loading system is designed to apply the normal load FN to the 
pad(holders). Two opposite and equal forces are required for a fretting 
fatigue experiment. This is achieved by using one hydraulic actuator (11) and 
a C-beam construction (4). The assembly glides on the base plate on low 
friction sliding blocks. By consequence, the difference between the left and 
the right force is neglectable (< 4 N on a frequently used normal force of 
543 N gives < 0.74 % relative error). The normal forces are initiated on the 
pad holders (6) through a one cylinder bearing (5) to accommodate the 
tangential displacement of the pad holders. The hydraulic actuator is a static 
5 kN cylinder and is instrumented with a 5 kN loadcell (10) and a 
displacement sensor (9). The actuator is controlled by the flextest system. 
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Figure 3.8. Section view and top view of the fretting fixture.  
1. horizontal support, 2. base plate, 3. leaf springs, 4. C-beam, 5. roller 
bearing, 6. pad holder, 7. pad, 8. dogbone specimen, 9. displacement sensor, 
10. load cell, 11. hydraulic actuator. 
 
The third function of the fretting fixture is to generate the tangential force FT. 
The fatigue force elongates the dogbone specimen and tangentially moves 
the line contact. As a result, the pads and pad holders move simultaneously 
since the contacts are in mixed stick slip regime i.e. without global slip. The 
pad holders displace one side of the leaf springs while the other side of the 
leaf springs is connected to the base plate. The deformation of the leaf 
springs generates the tangential reaction force FT. During an experiment it is 
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impossible to alter the ratio of tangential to fatigue force. However, the ratio 
can be altered by changing the stiffness of the leaf springs prior to an 
experiment. 
 
One leaf spring is equipped with two strain gauges to measure the generated 
tangential force. The strain gauge measurement is calibrated to a calibrated 
loadcell and shows a suitable linear behaviour in the range of interest, see 
Figure 3.11. The measured force is the sum of tangential forces in both 
contacts. The tangential force FT on one contact is calculated as the half of 
the measured force. For the sake of clarity, the provided tangential force FT is 
always given for one contact. 
 
The fourth and last function of the fretting fixture is to clamp a pad and initiate 
the normal and tangential forces in an appropriate way. This function is 
realised by the pad holder (6). A detailed view of a pad holder and a pad is 
shown in Figure 3.9. 
 
 
 
Figure 3.9. Pad holder and pad with acting forces FN, FT and Flc. 
 
During an experiment the pads are moving in tangential and normal 
directions. Tangential motion is due to displacement of the contact which 
results from elastic deformation of the dogbone specimen. However, the 
tangential displacement should be completely transferred through the pad 
holders to the leaf springs. Normal motion is due to contact changes. If 
particles (fretting debris) accumulate in the contact, the pads will move away 
from the dogbone specimen. In contrast, particle migration out of the contact 
brings the pads closer towards the dogbone specimen. The normal motion 
should be accommodated while the normal force is always transmitted 
through the pad holders. In other words, the pad holder should be stiff in 
tangential direction while compliant in normal direction. 
 
This is enabled by using a four-bar linkage. The bar linkage is machined out 
of one piece to obtain elastic hinges which are backlash-free. The base of the 
linkage is fixed to a moving base plate. The pads are installed on top of the 
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linkage and can move freely in normal direction while the tangential motion is 
completely transmitted.  
 
This four-bar link construction introduces a leverage system in the normal 
force loading system. The force measured with the load cell Flc is ~10,5 % 
higher compared to the normal force FN on the pads. 
 
3.1.3 Hydraulics 
 
The fretting fatigue test rig has two hydraulic actuators which are powered 
through a hydraulic network.  
 
The hydraulic network has one aggregate with a working pressure of 210 bar 
and a flow of 106 l/min. The flow rate of only the fretting fatigue test rig is 
maximum 9 l/min which is low compared to the aggregate. At low flow rates, 
the aggregate exhibits pressure variations of ± 10 bar at a frequency of 
~ 0.25 Hz. These pressure variations are noticeable (± 5 %) in the applied 
forces. If other test rigs increase the oil flow of the aggregate, the pressure 
variation diminishes. 
 
The fatigue force is applied with a 100 kN dynamic actuator with through rod 
cylinder. The normal force actuator is a 5 kN static actuator (Parker 
hydraulics). The 5 kN actuator is buffered from the hydraulic network with a 
hydraulic accumulator to minimise pressure variations due to dynamic 
loading of Ffat. The hydraulic circuit of the normal force cylinder (= hydraulics 
of the fretting fixture) is shown in Figure 3.10. Both cylinders are controlled by 
servo-hydraulic valves MOOG 76. 
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Figure 3.10. Hydraulic circuit of the fretting fixture. 
 
3.1.4 Sensors 
 
The fretting fatigue test rig uses standard five conventional sensors. The set 
of sensors is for some experiments extended with a clip gauge, strain gauge, 
thermocouple and/or field measurement techniques (IR / DIC). 
 
The standard sensors are two load cells, two displacement sensors and one 
strain gauge to measure the tangential force, see Table 3.3. 
 
Table 3.3. Overview of standard used sensors. 
Sensor Brand Type Capacity Accuracy 
Load cell  Sensy 2962 5 kN ± 12.5 N 
Temposonic MTS EL 0 0075M 
D34 1 V01 
75 mm ± 15 µm 
Strain gauge TML FLA-3-11 5 %ε ± 0.03 µε  
Load cell  ESH Testing 
limited 
6520 100 kN ± 100 N 
Displacement 
sensor 
ESH Testing 
limited 
- 88 mm ± 0.02 mm 
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3.1.5 Controller and Data acquisition 
 
The control and data acquisition of a fretting fatigue experiment is done with 
an MTS Flextest controller. 
 
The Flextest system controls two actuators which are tuned for both force 
and displacement command:  
Channel 1: Fatigue force with 100 kN cylinder. 
Channel 2: Normal force with 5 kN cylinder. 
 
During a fretting fatigue experiment, seven parameters are simultaneously 
logged, see Table 3.4. 
 
Table 3.4. Parameters logged during standard fretting fatigue experiment. 
Nr. Parameter Unit 
1 Time s 
2 Channel 1 number of cycles  - 
3 Channel 1 displacement mm 
4  Channel 1 force (Ffat) kN 
5 Channel 2 displacement mm 
6 Channel 2 force (FN) N 
7 Strain gauge (FT) V 
 
During the experiment, different data acquisition protocols are used. 
Continuous high-frequency sampling of an entire experiment would yield too 
much and irrelevant data. Following data acquisition protocol is used. During 
the first 100 cycles, all channels are sampled at a frequency of 1024 Hz, 
which allows the visualisation of the running in of the fretting fatigue condition 
(~102 data points per cycle). Thereafter, one cycle per hundred cycles is fully 
logged at 1024 Hz. Additional to this logging scheme; all channels are also 
logged on a second manner to avoid gaps in between the high frequency 
logged data. At minimum and maximum fatigue force, all channels are once 
sampled and stored. 
 
3.1.6 Test procedure 
 
The test procedure for coupon scale fretting fatigue experiments can be 
divided in three main parts. First, the specimens are cleaned, measured and 
labelled. Second, the specimens are installed in the test rig and tested. 
Finally, acquired data is analysed, the fracture surfaces and fretted surfaces 
are inspected, documented and optionally (non-)destructively examined. A 
detailed test procedure can be found in appendix A. 
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3.2 Experimental validation 
3.2.1 Tangential force calibration 
 
The tangential force FT is measured with a pair of strain gauges glued to one 
leaf spring. The conditioned strain gauge signal, in voltage, is calibrated to a 
calibrated 5kN loadcell, measured in Newton. The calibration curve is shown 
in Figure 3.11. The calibration is highly linear (determination coefficient 
> 0,996) in the range from -600 N to 600 N. Outside this range there is 
saturation of the strain gauges. However, during all fretting fatigue 
experiments the tangential force FT remains within the validated range. 
 
The calibration coefficient for the graph shown is 0,3272 V / kN. Though, the 
calibration factor changes when the leaf springs are reassembled. Therefore, 
a calibration measurement is needed after each reassembly or abnormality. 
 
 
 
Figure 3.11. Calibration curve of the leaf springs. 
 
3.2.2 Tangential force measurement delay 
 
The measured tangential force is lagging relative to the measured fatigue 
force. Nonetheless, the tangential force and fatigue force should be in phase 
because of their working principle, see section 3.1.2. 
 
The phase lag is explained by a mass-(damper)-spring system in the 
measurement system. The pad holders act as a mass in between the contact 
(FT engage) and the leaf springs (FT measured). The mass causes a phase 
delay of 90 ° and a negligible inertial force of ~ 4 N. 
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3.2.3 Fretting loops 
 
The contact conditions during a fretting fatigue experiment should be in the 
mixed stick slip regime (i.e. mixed fretting regime). To verify this, the fretting 
loops in function of the number of cycles are shown in Figure 3.12. The slip is 
measured with a clip gauge and corrected according to the Wittkowsky 
method [3.27]. The contact starts in gross sliding conditions (square fretting 
loop) and evolves after a short running-in phenomenon (~ 10 cycles) towards 
partial slip conditions (narrow elliptical fretting loops). This is the distinctive 
pattern of a contact in mixed stick slip regime. 
 
 
 
 
Figure 3.12. Fretting loops during a fretting fatigue experiment. 
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4 Double bolted lap joint experiment 
 
A bolted lap joint and a double bolted lap joint is a frequently used connection 
technique. Lap joints are used, for example, to connect load bearing profiles 
in constructions such as bridges, buildings, skyscrapers, aeroplanes, etc. 
According to Vand et. al. [3.39] bolted lap joints have higher tensile and 
fatigue strengths than welded, riveted or pinned joints. When the transferred 
loads are of dynamic nature, the connecting lap joints can fail due to fretting 
fatigue. For example, fretting fatigue in lap joint connections at (aging) 
aircrafts is a serious issue which is discussed by Szolwinski [3.40] and Farris 
[3.41]. 
 
The laboratory setup is a full scale fretting fatigue experiment. The geometry 
of the specimens and the manner in which the forces are applied are closely 
related to an actual application such as, for example, in an aeroplane. A 
double bolted lap joint is preferred over a single bolted lap joint because of 
the symmetry in the specimens and the avoidance of bending in the 
connection interface. This configuration is more frequently seen in literature 
compared to single bolted lap joint due to the simpler interpretation of the 
results. 
4.1 Experimental layout 
 
The performed experiments simulate a double bolted lap joint where three 
identical aluminium plates (specimens) are connected with one bolt, see 
Figure 3.13, left. The geometry of the plates is given in chapter 4. The 
specimens are bolted with a steel hexagonal socket screw DIN912 M8 grade 
8.8 and associate washers and nut. The bolt connection includes a washer 
load cell to measure the tensile force in the bolt. The bolt force is an 
important variable since it determines the normal force by which the plates 
are prestressed onto each other. The washer load cell is a custom build load 
cell consisting of a hollow steel cylinder instrumented with two diametrical 
strain gauges. The washer load cell is successfully calibrated, see Figure 
3.14. On Figure 3.13,right is a free body diagram shown of the middle plate 
with the interacting forces: fatigue force Ffat, normal force FN and tangential 
force FT. Note that the three forces are similar to the forces that are applied 
during the coupon scale fretting fatigue experiments. However, during a 
double bolted lap joint experiment can the different forces not be separately 
controlled or measured. 
81 
    
 
Figure 3.13. Double bolted lap joint specimen layout. 
 
 
 
 
Figure 3.14. Calibration curve of the washer load cell. 
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The double bolted lap joint is tested by applying a dynamic force Ffat on the 
assembly. The used test rig is an uniaxial test rig as described in section 
3.1.2 without the fretting fixture. An example of a double bolted lap joint 
mounted in the wedge grips of the test rig is shown in Figure 3.15. 
 
 
Figure 3.15. Double bolted lap joint mounted in test rig. 
 
4.2 Test procedure 
 
The test procedure for double bolted lap joint experiments can be divided in 
three main parts. First, the specimens are measured, cleaned, labelled and 
bolted together. Second, the assembly is installed in the test rig and tested. 
Finally, acquired data is analysed, the fracture surfaces and fretted surfaces 
are inspected, documented and optionally (non-) destructively examined. A 
detailed test procedure can be found in appendix B. 
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5 Field measurement techniques 
5.1 Thermography 
 
Thermography, or infrared imaging technique, is a measurement technique 
that allows for a full field measurement of temperatures. It is used in 
mechanical research to visualise elastic stress fields, plastic material 
behaviour and frictional heating. 
 
A thermographic camera measures a field of radiation in the infrared 
spectrum and converts it into a temperature field. The infrared spectrum 
(λ ~ 700 nm to 1 mm) is located next to the visible spectrum (λ ~ 380 nm to 
700 nm), see Figure 3.16. Emitted infrared radiation can be observed with an 
infrared detector similar to the way the human eye observes in the visible 
spectrum. 
 
 
 
Figure 3.16. Electromagnetic spectrum [3.42]. 
 
All objects above the absolute zero temperature (0 K) radiate in the infrared 
range of the electromagnetic spectrum. The intensity of emitted spectral 
radiance, in case of a black body (εem = 1) in thermal equilibrium, is given by 
Planck’s law, equation (3.1). Where h is Planck’s constant (~6.62·10-34 Js), cL 
is the speed of light (~3·108 m/s), kB is the Boltzmann constant 
(~1.38·10−23 J/K) and λ is the wavelength. 
 
 
(3.1) 
 
Integration of Planck’s law over the entire electromagnetic spectrum and over 
all radiating directions gives the Stefan-Boltzmann law, equation (3.2). This 
power law shows the relation between the absolute temperature T, in Kelvin, 
and the power radiated j*, in J/(sm²), from a black body. The constant kSB is 
equal to ~ 5,67·10-8 J/(sm²K4). 
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(3.2) 
 
A thermographic camera measures the radiated power which incidents on the 
detector in the sensitive infrared range. The measured signal is thus 
proportional to the total amount of emitted radiation power of a black body. 
Consequently, the measured signal is proportional to the fourth power of a 
black body temperature, in Kelvin. 
5.1.1 Thermo-elastic effect 
 
Thermo-elasticity describes the relation between temperature change and 
stress change. This relation was first mathematically derived by Lord Kelvin 
(1851) and is experimentally verified by Joule (1857). The mathematical 
derivation can be found in [3.43]. However, the simplest form of thermo-
elasticity is given by equation (3.3). The assumed boundary conditions are 
the principles of thermodynamics, a reversible adiabatic process, a linear 
isotropic material behaviour and a plane stress condition. 
 
Equation (3.3) shows a reverse linear relation between the temperature 
variation T, in Kelvin, and the variation of the first stress invariant σii, in 
MPa. The proportionality factor kth depends on the environment temperature 
T0 and three material parameters: the coefficient of linear expansion , the 
density  and the specific heat capacity cp, equation (3.4). An increase in 
stress (tensile) will decrease the temperature and vice versa.  
 
th iiT k      (3.3) 
0
th
p
T
k
c





 (3.4) 
 
Different materials have different proportionality factors kth. Table 3.5 gives 
the proportionality factors of four materials. The table also lists the minimum 
detectable stress variation σii if we assume an environmental temperature of 
T0 = 25°C and a temperature detectability T of 20 mK (typical for state of the 
art thermographic cameras). 
 
Table 3.5. Thermo-elastic coefficient and minimum detectable stress of some 
materials. 
Material 
 
[1/K] 
 
[kg/m³] 
cp 
[kJ/kg K] 
kth 
[K/MPa] 
σii [MPa] 
(T=20mK, T0=25°C) 
Steel 0.000013 7800 0.49 0.00101 19.73 
Aluminium 0.0000222 2700 0.91 0.00269 7.43 
Polymer 
(PA) 
0.00011 1150 1.15 0.02479 0.81 
Ceramic 
(SiC) 
0.00000277 3100 0.75 0.00036 56.33 
 4* SBj k T
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5.1.2 Thermographic measurement devices 
 
A thermographic camera measures a field of infrared radiation which 
incidents on the IR-detector. In case of a black body the measured radiation 
can be related to the absolute temperature, equation (3.2). However, in 
practice most measured bodies are not perfect black bodies. A 
thermographic camera measures the radiation of a body, as well as the 
reflections on the body’s surface and the radiation transmitted through the 
body, see Figure 3.17. The ratio of a body’s radiation to the measured 
radiation is given by the emissivity εem. The emissivity of a body depends on 
the material and the surface finish, see Table 3.6. To increase the emissivity 
(and reduce reflection and transmission) a body can be coated with an 
emissive spray. The commercial emissive spray (Weilburger senotherm) 
used during the performed thermographic measurements has an emissivity of 
~ 0.97. All the presented thermographic images are corrected for the 
emissivity with a fixed value of 0.97. 
 
 
 
Figure 3.17. Different radiations measured with a thermographic camera. 
 
 
Table 3.6. Thermal emissivity εem of some materials and surface finishes 
[3.44]. 
Material Emissivity [-] 
Aluminum: heavily weathered 0.83-0.94 
Aluminum: polished  0.05 
Black body 1 
Brass: highly polished 0.03 
Brass: oxidized 0.61 
Human skin 0.98 
Iron, cast, casing 0.81 
Paper: black  0.90 
Paper: white 0.68 
Steel: oxidized 0.79 
Steel: polished 0.07 
Water 0.98 
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Between the thermographic camera and the measured object is a medium, 
which is usually air. The measured radiation of a body has then to be 
transmitted through air. It is clear that the air has to be transparent at the 
measured wavelengths. The transmissivity of air in function of the wavelength 
is given in Figure 3.18. Air is quite opaque at the wavelength of ~ 2.5 µm and 
between 5.5 µm and 7 µm. Measurements in these spectral ranges will 
primarily measure the radiation of air instead of the obtained body radiation. 
Commercial thermographic cameras are therefore confined to the spectral 
ranges: short wave infrared, SWIR (~0.7..2 µm), medium wave infrared, 
MWIR (~3..5 µm) and long wave infrared, LWIR (~8..14 µm). The 
thermographic camera at Soete Laboratory operates in the medium wave 
infrared spectral range. 
 
 
Figure 3.18. Spectral transitivity of air in the infrared spectrum. 
 
State of the art thermographic cameras used for mechanical research are 
typically characterised by three resolutions: the time resolution, the 
geometrical resolution and the temperature resolution. The resolutions are 
linked to each other. For example, a higher time resolution can be achieved 
by lowering the geometrical resolution. 
 
The time resolution is essential for dynamic experiments e.g. fatigue. Typical 
fatigue frequencies on servo-hydraulic test rigs reach up to ~10 Hz. To have 
a representative view of a single cycle, one needs ~10 images per cycle. It 
follows that the minimum required time resolution of a camera is ~100 Hz. 
State of the art thermographic cameras achieve this value as they have a full 
field frequency of 100 to 300 Hz [3.45, 46]. 
 
The geometrical resolution defines the amount of pixels in a thermographic 
image. A higher geometrical resolution obviously gives more details at the 
same field of view (e.g. temperature concentration at a hot spot). Modern 
research cameras can go up to a geometrical resolution of 1280 x 1024 
pixels [3.45]. However, due to the price most thermograph cameras in 
mechanical research are limited to a resolution of 640 x 512 pixels.  The 
latter resolution still allows more detailed images by reducing the field of view 
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i.e. decreasing the spatial resolution [µm/px]. This can be done by using high 
magnification lenses, which is a more economical solution. 
 
The thermal resolution or noise-equivalent temperature difference (NETD) is 
the smallest temperature change that a thermal camera can significantly 
measure. During thermo-elastic research, a camera with a smaller NETD is 
able to measure smaller stress variations, see Table 3.6. The NETD depends 
on the type of detector used in the thermal camera. Uncooled bolometer 
detectors can have a NETD of 80 mK. Cooled detectors can have a NETD 
which is as low as 25 mK. 
5.1.3 Thermographic camera at Soete Laboratory 
 
The thermographic camera at Soete Laboratory is an Infratec 8340S / 50mm. 
The main specifications are given in Table 3.7. 
Table 3.7. Properties of the thermal camera at Soete Laboratory. 
Brand Infratec 
Model 8340 
Calibrated temperature range -10 .. 1200 °C 
Cooling Stirling cooler 
Detector type InSb 
Dimensions 244 x 120 x 160 mm 
Geometrical resolution 640 x 512 px 
Software IRBIS 3 
Spectral range MWIR 
Thermal resolution (NETD) < 25 mK 
Time resolution (full frame) 100 Hz  
Lens - Focal length 50 mm 
 - F number 2 
 - Aperture angle 11 x 9° 
 - Focussing range 0.5 .. inifinity 
 - FOV (@1m) 192 x 154 mm 
  
5.1.4 Thermography in mechanical research 
 
Thermography is used in several ways in mechanical research. Of course the 
temperature is always measured. However, there are more phenomena that 
can be measured and derived: elastic material behaviour, plastic material 
behaviour, frictional heating, etc. 
 
Elastic material testing mostly uses thermo-elastic theory to study stresses or 
stress concentrations in a body. Literature examples are measurement of the 
stress intensity factor [3.47], crack growth [3.48], crack tip heat dissipation 
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[3.49] and stresses in composite materials [3.50]. Figure 3.19 shows the 
temperature field and temperature variation over time in a Hertzian line 
contact between a steel cylinder (cylinder 1) and a polymer ring mounted on 
another steel cylinder (cylinder 2). The stress fields are similar in both 
materials, however, the temperature field is visual in the polymer and not in 
the steel (cylinder 1) because of the difference in thermo-elastic coefficient 
(Table 3.5). The contact is normally loaded and unloaded in the sequence: 3 
x loading, 1 heavy loading, 1 heavy unloading and 3 x unloading. Normal 
loading gives compressive stresses (negative value) and a temperature rise. 
In contrast, unloading leads to a stress increase and associate temperature 
drop. The gradual temperature stabilisation between intermediate 
(un)loadings is due to conduction and convection of the generated heat to the 
surrounding material and air respectively. 
 
 
Figure 3.19. Thermo-elastic behaviour of a normal loaded Hertzian line 
contact. 
 
Plastic material behaviour causes irreversible microstructural damage (e.g. 
dislocation, relocation and accumulation) with a consequent temperature rise. 
Figure 3.20 shows a static tensile test on a cross welded specimen. The 
dogbone specimen consists of 2 equal base materials (base material 1 and 
base material 2) which are welded together in the middle. During the 
monotonic tensile test one can observe a temperature drop in the entire 
specimen due to the thermo-elastic effect, from frame 0 to 75. At about frame 
75, both base materials and the weld are yielding. Hereafter, both materials 
start to plastically deform with a temperature rise as result. At frame 160, 
base material 2 starts necking (high amount of localized strain) and the 
temperature rises very fast. In base material 1 and the weld the stress and 
the temperature are dropping. 
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Figure 3.20. Thermographic view of a tensile test on a cross weld specimen. 
 
Apart from elastic and plastic material behaviour, a thermographic camera 
can also visualise frictional behaviour. Frictional energy is mostly dissipated 
into heat causing a material to warm up. This can be measured with a 
thermal camera. 
5.2 Digital Image Correlation 
 
Digital Image correlation (DIC) is an optical field measurement technique 
which measures the displacement fields of one or more surfaces. The setup 
at Soete laboratory is a three dimensional setup, however, two dimensional 
DIC systems also exist. It is possible to derive a strain field or calculate a slip 
starting from a measured displacement field. When different surfaces are 
measured, one can calculate their relative position and evaluate the 
alignment. A schematic overview of a DIC measurement setup is shown in 
Figure 3.21. 
 
 
Figure 3.21. Schematic view of a digital image correlation measurement setup. 
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5.2.1 Hardware setup 
 
Digital image correlation uses a camera setup to acquire images of a 
specimen’s surfaces. The acquired images are stored on a computer and 
later on post processed. The specimens are prepared by painting a speckle 
pattern on the region of interest. 
 
The camera setup consists of two cameras to enable three dimensional 
measurements. The relative position of the cameras is key for 3D 
measurements and is calibrated after each installation. The stereo-images 
are stored on the laptop for later post-processing. 
 
The specimens’ surfaces need to be prepared with a speckle pattern prior to 
an experiment, see Figure 3.24. A DIC analysis requires a high contrast non-
uniform speckle pattern [3.51]. This kind of pattern is applied by first painting 
the surface uniformly white. After drying, black droplets are randomly sprayed 
on the white surface. The ratio of black to white areas should be around 50 % 
and the size of one black droplet should be around 3x3 pixels to achieve a 
good DIC accuracy [3.51]. The contrast of the black and white pattern is 
increased by additional lightening of the speckle pattern, see Figure 3.23. 
 
5.2.2 Digital Image Correlation software 
 
DIC software calculates the best fitting displacement field between a 
reference surface and its deformed condition (Figure 3.22). The best fitting 
displacement is calculated for every individual pixel as a least square fit. The 
fitting is based on the grey scale values of a small subset around one pixel 
taken from the reference image and the deformed image. The estimated 
displacement (x, y, z) which yields the lowest value of summed squared 
differences is the best fitting displacement. The minimisation is done for 
every point in a certain area of interest in order to calculate the best fitting 
displacement field for that area. 
 
 
Figure 3.22. Three different stages of a surface deformation, the pixel of 
interest and corresponding subset is magnified below [3.52]. 
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5.2.3 DIC setup at Soete Laboratory 
 
The DIC setup at Soete Laboratory is a commercial standalone hardware and 
control software system of Limess Messtechnik & Software GmbH, see 
Figure 3.23. The camera setup consists of two 14 bit monochromatic 
cameras with a resolution of 2452 x 2054 pixels (5 megapixels). To ensure 
synchronisation of the cameras a daisy chain configuration is used to connect 
the cameras to the laptop. The measurement area is additionally illuminated 
by two diffused spotlights. 
 
 
Figure 3.23. Overview of the DIC setup during a fretting fatigue experiment. 
 
The view of the two cameras during a fretting fatigue experiment is shown in 
Figure 3.24. The field of view is ~ 29.42 x 24.65 mm and the size of one pixel 
is approximately 12 µm.  
 
Correlation of the captured digital images is done using the commercial 
VIC3D software (Correlated Solutions Inc.). The current laptop hardware is 
not performant enough for online calculations. Therefore, all correlations are 
performed off-line, subsequent to the experiment. 
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Figure 3.24. Field of view of the DIC setup. 
6 Summary and conclusions 
 
In this chapter, two test rig designs are selected to study the influence of 
palliatives on fretting fatigue. Two field measurement techniques are selected 
for their potential of visualising macroscopic mechanical quantities during 
fretting fatigue experiments. 
 
Two test rigs are constructed that allow to generate fretting fatigue damage 
on a totally different manner and scale. One test rig is a coupon scale test rig 
where all of the interacting forces are settable (paragraph 3), perfect for 
testing in laboratory settings but without any link to an actual application. A 
test rig with a ‘single actuator and adjustable compliance’ is selected for its 
sufficient modular capacities needed to study the influence of palliatives on 
fretting fatigue. The mechanical layout is elaborated in paragraph 3.1, with 
particular attention to the visibility of the contact area so that field 
measurement techniques can be applied near the contact. 
 
The second constructed test rig is a full scale double bolted lap joint tester 
(paragraph 4). A double bolted lap joint is a frequently used connection 
technique in aerospace.  In this test rig are less interacting forces settable, 
however the experiment is very close to the real application. The influence of 
a fretting fatigue palliative on a double bolted lap joint is therefore more 
representatively measured with this test rig compared to the coupon scale 
test rig. Inherent to the geometry the contact is not visible, limiting the 
potential of the field measurement techniques. 
 
During experimenting efforts are made to collect as much as possible 
relevant data. In case of fretting fatigue, relevant data for basic understanding 
and comparison with finite element results are mainly the stress field and the 
slip distribution at the contact. The stress field will be measured by means of 
a thermal camera. Digital image correlation is used to measure the 
displacement field around the contact from which slip may be calculated. 
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1 Goal 
 
This chapter describes the samples used for experimental research on the 
two fretting fatigue test rigs. The samples are characterised by their 
geometry, surface roughness and applied palliative for the coupon scale and 
the full scale test rig, respectively in paragraph 2.1 and 2.2. The material 
used is characterised in paragraph 3. 
 
The majority of this chapter concerns fretting fatigue palliatives. Two palliative 
mechanisms are compared: topographical changes and residual compressive 
surface stresses. Topographic changes are applied by laser surface texturing 
and described in paragraph 4.1. Residual compressive stresses are applied 
by deep rolling and characterised in paragraph 4.2. Also, the combination of 
both palliatives is studied. This combined palliative is applied by deep rolling 
with modified rollers, without laser surface texturing. A description of the latter 
palliative is found in paragraph 4.3. 
2 Specimen geometry 
2.1 Coupon scale fretting fatigue sample 
 
A fretting fatigue experiment is performed with one dogbone specimen and 
two identical indenter specimens - named pads. The geometry and the 
dimensions of the two types of specimens are given in Figure 4.1. The 
geometry is defined in order to satisfy test conditions such as contact 
pressure and operation in the mixed stick slip regime. The dogbone 
specimen is flat and has a narrowed rectangular cross section of 10 x 4 mm². 
The pads are also flat and have an end side which is cylindrical with a radius 
of 50 mm. The roughness Ra on the surfaces where the contact should be is 
lower than 0.3 µm. The roughness Ra of the virgin surfaces is measured in 
longitudinal direction and is in the range of 0.24 ± 0.04 µm. Further 
topographic characterisations are Rt = 1.96 ± 0.63 µm, Rz = 0.80 ± 0.32 µm 
and the bearing curve properties, displayed in Figure 4.16 and Table 4.3. 
 
 
 
Figure 4.1. Fretting fatigue specimens geometry. Top: fretting pad; 
bottom: dogbone specimen. 
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All the tested specimens are milled out of one single sheet of aluminium, 
each in the rolling direction. The material properties of the used aluminium 
2024 T3 are given in paragraph 3. 
 
Fretting fatigue experiments are examined with five different surface finishes 
to compare their palliative efficiency in terms of total lifetime. The tested 
surface finishes are: a virgin surface, a laser textured line pattern, a laser 
textured point pattern, a deep rolled surface and a deep rolled surface with 
point pattern, see Figure 4.2. The surface treatment is always locally applied 
(4 x 20 mm²) on the dogbone specimen at the areas where the contact shall 
be, see Figure 4.1. 
 
 
Figure 4.2. Different surface finishes of the dogbone fretting fatigue 
specimens. 
 
2.2 Full scale double bolted lap joint sample 
 
A full scale double bolted lap joint is performed with three identical specimens 
as shown in Figure 4.3. The specimens are simple rectangular flat plates with 
a hole through it. The hole has a diameter of 8.4 mm what corresponds with a 
fine finished fitting for a M8 bolt [4.1]. The plates are cut out of the same 
aluminium 2024 T3 base plate as the specimens for the coupon scale 
experiment. The longitudinal direction of the specimens is parallel to the 
rolling direction of the base plate. The area where the different specimens will 
make contact with each other is polished (grit 400, 800 and 1200) to a 
surface roughness Ra < 0.3 µm. 
 
Double bolted lap joint experiments with surface treatments use one treated 
specimen and two virgin specimens. The surface modifications are locally 
applied around the hole at both sides of one plate. Contact between different 
plates consists always out of one virgin surface and one treated surface. The 
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laser texture is circularly applied around the hole while the section of deep 
rolling is rectangular, see Figure 4.4. 
 
 
 
Figure 4.3. Geometry of one specimen for a double bolted lap joint. 
 
 
Figure 4.4. Different surface finishes of the lap joint specimens. 
 
3 Material characterisation of aluminium alloy 
2024 T3 
 
All experiments were performed using the aluminium alloy 2024 T3. This 
alloy and temper is frequently used in aviation industry because of its good 
fatigue resistance and high toughness [4.2]. First used in aviation on the 
Douglas DC-3 in 1935 [4.3] and nowadays still airborne in the most common 
airliners [4.4, 5]. The used aluminium alloy 2024 T3 has been characterised 
in different ways and the results compared to standards and literature. The 
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properties are determined both in mechanical and microstructural way and 
considering hardness and fatigue. 
 
The mechanical properties are measured by performing three standard 
tensile tests. The tensile test specimen is identical to the dogbone specimen 
used for fretting fatigue testing. The geometry of the dogbone specimen is 
given in Figure 4.1. The longitudinal direction of the tensile test specimens is 
parallel to the rolling direction of the material. The tensile tests are performed 
on a 100 kN load frame. The tensile test experiments are performed on a 
quasi-static way with a cross head displacement of 4 mm / min. The tensile 
tests were performed in ambient air (temperature and humidity). 
 
One of the three measured stress strain curves is shown in Figure 4.5. The 
engineering stress strain curve is compared to literature [4.6] and matches 
very well. From the stress strain curve three mechanical properties are 
deduced: the yield stress σy, the ultimate tensile stress σUTS and the Young 
modulus E, see Table 4.1. The tested aluminium meets the ASTM strength 
specifications [4.7] and gives similar values to literature [4.6]. 
 
 
 
Figure 4.5. Engineering stress strain curve of aluminium alloy 2024 T3. 
 
Table 4.1. Strength properties of Aluminium alloy 2024 T3 
 
 σy [MPa] σUTS [MPa] E [GPa] 
Specification [4.7] > 290 > 441 - 
Measured 383 ± 5 506 ± 9 72.76 ± 1.12 
Literature [4.6] 381.8 496.2 71.1 
 
 
The material hardness is measured with a Leco vickers hardness tester. The 
hardness is measured at the middle thickness of the plates and is 
139.37 ± 1.78 HV5. 
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The microstructure of the purchased aluminium alloy 2024 T3 is shown in 
Figure 4.6 and Figure 4.7. All microstructures show some black dots which 
are etching artefacts and not part of the aluminium microstructure. On Figure 
4.6, the metallographic sample is taken normal to the plate thickness and at 
the middle of the plate thickness. The rolling direction is vertical on Figure 
4.6, nevertheless, the grain shape is not excessively non-equiaxed, 37 %, 
which is considerably smaller than the non-equiaxed threshold of 300 %.The 
average grain size is calculated according to the ASTM standard E112 [4.8], 
and is 170 ± 83.2 µm. 
 
 
 
Figure 4.6. Microstructure of aluminium alloy 2024 T3 as received. 
 
In the through thickness direction of the plate, Figure 4.7, the geometry of the 
microstructural grains are elongated in the rolling direction (RD). The length 
of the grains is measured as 252 ± 118 µm and the size in orthogonal 
direction is 44 ± 19 µm. The nominal aspect ratio of the grains (length / 
height) is 5.7 which is higher than a factor 3 so it can be referred as a non-
equiaxed microstructure. The granular size and geometry is uniform across 
the thickness of the plate. 
 
 
 
Figure 4.7. Microstructure of aluminium alloy 2024 T3 as received. 
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4 Fretting fatigue palliatives 
4.1 Surface topography 
4.1.1 Introduction 
 
The palliative mechanism of altering the surface topography is the reduction 
of debris particles in the contact. Less debris in the contact will lead to less 
stress concentrations (under the particle) and less surface damage e. g. third 
body abrasion. Reducing debris in the contact is done by introducing cavities 
at the surface where the debris particles can fall into and therefore are no 
longer part of the contact. 
 
Cavities at the surface are applied by means of a laser. A laser bundle 
focussed on the surface sublimates the solid material to a gas. The geometry 
of a lasered cavity is similar to a spherical cap. The main geometrical 
characterizing parameters of a single lasered cavity are the diameter, the 
depth and the height. The height is a protrusion of material adjacent to the 
cavities which is an adverse side effect inherent to laser surface texturing. 
These high protrusions give high stress concentrations in the contact and 
hinder the fretting wear particles to fall into the cavities. The protrusions will 
be superficially polished after laser texturing. The global geometry of the 
cavity can be modified by changing the laser parameters or the base 
material. 
 
Figure 4.8. Geometry and characteristics of a theoretical cavity and a laser 
surface textured cavity. 
 
The laser used for surface texturing the samples is a Trumpf Trumark 5040. 
This is an Yb-YAG fibre laser with a peak power of 20 kW and a pulse 
frequency set at 28 kHz. The optics used lead to a spot size of ~ 124 µm. 
One single laser pulse on the tested aluminium leads to a cavity depth of 
3 µm to 4 µm. Deeper cavities are manufactured by repeating the laser 
texture process. 
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4.1.2 Pattern 
 
Two different laser textured patterns are compared in fretting fatigue 
experiments: a point pattern and a line pattern, see Figure 4.9.  
 
   
 
Figure 4.9. Global view of two laser texturing patterns.  
Left: point pattern, right: line pattern. 
 
The point pattern is a commonly seen pattern in research on gross sliding 
and a few times in fretting fatigue research. The point pattern is a staggered 
repetitive pattern of small spherical caps as shown in Figure 4.10, left. The 
spacing between individual cavities varies between 247 µm and 350 µm. The 
spherical cap cavities have a targeted diameter of 124 µm. The ratio of 
textured surface compared to the total surface amount is ~ 20 %.  
 
The likelihood of capturing a debris particle with the point patterned surface 
varies greatly as a function of the location of the particle. The particles move 
due to the slip in the contact in a single direction, horizontal on Figure 4.9 and 
Figure 4.10. A particle on the centre line of cavity 1 and cavity 2 has the 
greatest likelihood of quickly vanishing into a cavity. More remote from the 
centre line but still between cavity 1 and 2 the likelihood is decreasing for a 
particle to fall into a cavity. Nevertheless, particles located under cavity 1 & 2 
and above cavity 3 will never vanish into a cavity. These particles will remain 
in the contact. 
 
To increase and average the likelihood of capturing particles a second 
texture pattern is proposed, a line pattern, see Figure 4.10, right. The line 
pattern consists of a number of parallel inclined lines. The lines are created 
by laser texturing cavities slightly overlapping in order to get a rather uniform 
line thickness and depth. The lines are inclined under an angle of ~ 5.7 ° so 
that there is always the same ratio of lasered to non-lasered surface in the 
direction perpendicular to the sliding direction. The coverage ratio of lasered 
to non-lasered surface is 30 %. Any particle in the contact has the same 
likelihood of falling into a (line) cavity. The likelihood of particles evacuating 
the contact is larger in the line pattern compared to the point pattern. 
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Figure 4.10. Two laser texture patterns dimensions and theoretical maximum 
distance to a cavity. 
4.1.3 Coupon scale fretting fatigue sample 
 
The laser texture is applied on the dogbone specimen at the locations of 
contact between the specimen and the pad, see Figure 4.11. The textured 
areas are 4 x 35 mm. An example of the laser texture patterns on the coupon 
scale fretting fatigue samples is shown in Figure 4.2. 
 
 
 
Figure 4.11. Location of laser texture on coupon scale dogbone sample. 
 
4.1.4 Full scale double bolted lap joint sample 
 
The laser texture is applied on the lap joint specimens at the locations of 
contact. The line pattern is applied in a circle, Ø 24 mm, concentric with 
respect to the hole, see Figure 4.12. An example of the laser texture on a 
double bolted lap joint sample is shown in Figure 4.4. 
 
 
 
Figure 4.12. Laser texture on full scale double bolted lap joint sample. 
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4.1.5 Topographic characterisation 
 
The surface topography of the laser textured patterns is characterized with a 
3D profilometer (Somicronic EMS Surfascan 3D). An example of the 3D and 
2D profilometry of the line pattern is shown in Figure 4.13. 
 
Figure 4.13. 2D and 3D microtopography of the line pattern as laser textured. 
 
The laser ablation process made the desired cavities (Figure 4.8, diameter 
and depth), but has also a side effect. Adjacent to the cavities are unintended 
high protrusions of material (Figure 4.8, height). The height of these 
surrounding protrusions is minimalized by very superficial polishing of the 
surface with steel wool. The influence of the superficial polishing can be seen 
in Figure 4.14, Figure 4.15 and Table 4.2. 
 
Before polishing the height of the peaks in the line pattern (7.06 ± 0.72 µm) is 
almost equal to the depth of the cavities (7.11 ± 0.48 µm). After polishing the 
height of the peaks is reduced with a factor five to a value of 1.47 ± 0.06 µm 
which is similar to the total surface roughness RT = 1.96 ± 0.63 µm of a virgin 
surface. 
 
The line pattern and the point pattern are textured with identical laser 
parameters. The equal laser spot size gives rise to a similar width of the line 
pattern and diameter of the point pattern (~ 124 µm). The same energy per 
pulse and similar amount of repetitions (two) leads to a comparable depth for 
the line pattern and the point pattern (~ 7 µm). 
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Figure 4.14. 2D microtopography of the line pattern. Above: as lasered, 
below: as tested. 
 
 
Figure 4.15. 2D microtopography of the point pattern. Above: as lasered, 
below: as tested. 
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Table 4.2. Micro geometrical dimensions of the laser textured specimens. 
 
Pattern type 
Surface 
condition 
Depth 
[µm] 
Height 
[µm] 
Width 
[µm] 
Point pattern 
As laser marked 7.41±0.39 2.80±0.10 128.14±7.84 
As tested 7.27±0.28 1.30±0.22 126.14±5.67 
Line pattern 
As laser marked 7.11±0.48 7.06±0.72 121.47±7.14 
As tested 7.68±0.32 1.47±0.06 229.13±8.15 
 
 
Beside the characterisation of the applied micro topography (points and lines) 
is also a standard surface characterisation done based on the bearing ratio 
curve, also known as the Abbott-Firestone curve. Three representative 
curves are shown in Figure 4.16, the derived values are listed in Table 4.3. 
The major difference between the virgin surface and the laser textured 
surfaces is seen in the valley side, see properties Svk and Svk max. 
 
Table 4.3. Bearing ratio values of laser textured surfaces. 
 
 Virgin 
[µm] 
Point pattern 
[µm] 
Line pattern 
[µm] 
Spk max 2,94 1,60 2,91 
Spk 1,64 0,48 0,98 
Sk 2,14 4,59 7,42 
Svk 1,26 3,55 4,88 
Svk max 1,93 9,89 13,66 
 
 
 
 
Figure 4.16. Bearing curves of the virgin and laser textured surfaces. 
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4.1.6 Microstructure 
 
The used laser has a pulse width in the range of nano-seconds to limit the 
amount of heat input to the specimens. A large heat input can cause 
microstructural changes under the ablated volume, locally weakening the 
material. The microstructural examination of the point pattern and the line 
pattern is shown in Figure 4.17. The micrographs are taken perpendicular to 
the line contact and in the mid-thickness of the dogbone specimen. The 
shallow cavities are clearly observable for both surface patterns. The depth of 
the cavities is smaller than the grain size of the material (~ 170 ± 83 µm) so 
the aluminum grains are not intersected. Underneath the cavities, no 
microstructural change is detected suggesting that the material strength 
persisted unchanged. 
 
 
 
Figure 4.17. Microstructure underneath the lasered surface.  
Left: point pattern, right: line pattern 
 
4.2 Residual compressive stresses 
4.2.1 Introduction 
 
Introducing residual compressive stresses at the surface is one of the 
palliative mechanisms. The residual compressive stresses will temper the 
high tensile stresses in a fretting fatigue contact, reducing the likelihood and 
speed of crack initiation and thus increase the lifetime. 
 
Deep rolling is a typical finishing step in the rolling sequence similar to a 
finishing pass or a skin pass. Deep rolling is a type of cold rolling with the 
emphasis at the introduction of a compressive residuals stress gradient more 
than just a thickness reduction. In addition to the introduced residual 
compressive stresses the thickness will be more uniform and the surface 
smoother. 
 
Residual compressive stresses are introduced in a specimen when the stress 
state in the rolling contact exceeds the yield stress of the material, see Figure 
4.18 and Figure 4.19. The residual stress profile is function of the rolled 
specimen (geometry, material) and the rolling parameters of which the most 
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important are the roller diameter, the rolling force and the coefficient of 
friction between roll and specimen. Decrease of the roller diameter shall 
increase the stress at the surface, the maximum stress and the penetration 
depth. Increasing the normal force will result into the same changes. The 
latter two changes are only valid when the ultimate compressive stress of the 
bulk material is not exceeded. 
 
In order to determine the rolling parameters (rolling force, roller diameter), a 
parametric finite element model is made in Abaqus. Only one roll and half of 
the sheet thickness is modelled due to symmetry. The roll is rigidly modelled 
while the plate is elastic-plastic modelled with the true stress strain curve of 
the used aluminium 2024 T3. The element size of the plate at the vicinity of 
the contact is 5 x 5 µm². A two dimensional plain stress condition is selected. 
The contact is modelled frictionless by the penalty contact method (finite 
sliding). In the first step is a normal (-y) displacement applied on the roller, 
the vertical displacement of the roller is restricted (x = 0) but rotation is 
allowed. In the second step, an horizontal translation is applied to the 
aluminium sheet and simultaneously, a rotation is applied to the roller. The 
results of the deep rolling process are shown in Figure 4.18 and Figure 4.19. 
Figure 4.18 shows the von Mises stress field σvm in the aluminium plate. The 
highest stress σvm occurs in the contact between the roller and the plate. The 
stress reduces further away from the contact, see line (1) in Figure 4.18. 
Figure 4.19 shows the individual stress components σxx, σyy, σxy together with 
the von Mises stress σvm, in function of the plate thickness. To a depth of 
0.55 mm underneath the surface is the von Mises stress higher than the yield 
stress of the aluminium 2024 T3 leading to a residual compressive stress 
field. 
 
All the dogbone specimens used for fretting fatigue experiments are rolled 
with a rolling force of 2.77 kN and a roller diameter of 50 mm. The average 
Hertzian contact pressure between the specimen and the roller is 570 MPa. 
The double bolted lap joint specimens are rolled with an identical maximum 
contact pressure. 
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Figure 4.18. Von Mises stresses in the rolling contact (1) and the residual 
compressive stress after deep rolling (2). 
 
 
 
 
 
Figure 4.19. Stresses through plate thickness: (―) in the contact, (---) 
residual stresses. 
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4.2.2 Deep rolling mill 
 
A custom rolling device is designed and constructed at Soete Laboratory to 
deep roll the specimens, see Figure 4.20. The rolling device consists of two 
rollers (5 & 8) with an outer diameter of 50 mm between which the dogbone 
specimen is rolled. The lower roller (8) is fixed in space and can only rotate 
freely around its axis. The upper roller (5) serves to apply the rolling force 
and the driving rolling motion to the specimen. The rolling force is applied 
manually with a screw (1) and measured with a washer load cell (2). Actually, 
a displacement is applied from which the rolling force results. The rolling 
motion is manually applied on the shaft (6) of the roller (5). The deep rolling 
process consists of two rolling passes through the device at the same rolling 
force and at a quasi-static speed. The rolling process occurred in dry contact 
conditions i.e. no lubrication is added.  
 
 
 
Figure 4.20. Schematic view of the deep rolling device. 
 
Deep rolling causes a thickness reduction which is modest compared to 
ordinary rolling. The biggest reduction (87 ± 5.67 µm) was measured at the 
highest applied rolling force of 7 kN. The relative thickness reduction with 
respect to the initial thickness is less than 1 %. This reduction is linear (within 
the range of measurement accuracy) with increasing rolling force, see Figure 
4.21. The material hardness measured at the surface doesn’t change 
significantly with increased rolling force. 
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Figure 4.21. Thickness reduction and hardness in function of the rolling force. 
 
4.2.3 Coupon scale fretting fatigue sample 
 
The deep rolling treatment is applied on the dogbone specimen at the 
locations of contact between the specimen and the pad, see Figure 4.22. The 
deep rolled areas are 4 x 35 mm. The deep rolling process is repeated two 
times with equal normal force. An example of the deep rolling process on a 
coupon scale fretting fatigue sample is shown in Figure 4.2. 
 
 
 
Figure 4.22. Location of deep rolling on coupon scale dogbone sample. 
 
4.2.4 Full scale double bolted lap joint sample 
 
The deep rolling treatment is applied on the lap joint specimens at the 
locations of contact. At the area of contact is the deep rolling process 
repeated two times (20 x 30 mm), see Figure 4.23. Adjacent to the area of 
two repetitions is the area one time deep rolled to minimise the transition of 
thickness reduction and the residual stress concentration. An example of the 
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deep rolling process on a double bolted lap joint sample is shown in Figure 
4.4. 
 
 
 
Figure 4.23. Location of deep rolling on full scale double bolted lap joint 
sample. 
 
4.2.5 Topographic characterisation 
 
The surface topography and roughness change little after deep rolling the 
coupon scale specimens and double bolted lap joint specimen. The surface 
topography of a deep rolled surface is shown in Figure 4.24. The surface 
roughness Ra on the area where the contact will be is in the range 
0.274 ± 0.019 µm, similar to the virgin surface. However, the bearing curves 
(Figure 4.25) show that the deep rolled surface has a lower core profile 
(Sk = 1,14 µm), less higher peaks (Spk = 0.35 µm) and less lower valleys 
(Svk = 0.55 µm).  
 
 
 
Figure 4.24. Surface topography of a deep rolled specimen. 
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Figure 4.25. Bearing curves of virgin and deep rolled surface. 
 
The coupon scale dogbone samples are after deep rolling slightly barrel 
shaped due to the high ratio of width (10 mm) to thickness (4mm) of the 
rolling process. The height of the barrel curvature is limited to 
11.47 ± 2.16 µm. A representative profile of the barrel geometry is shown in 
Figure 4.26. This geometrical minor deviation is not seen in the double bolted 
lap joint samples. 
 
 
 
Figure 4.26. Through thickness profile of a dogbone specimen 
after deep rolling. 
 
4.2.6 Residual stresses 
 
The residual stress is measured by X-ray diffraction. A residual stress profile 
through thickness is destructively determined by removing a thin layer of 
material by electrochemical etching and repeating the X-ray measurement. 
The location of measurement is at the middle of the specimen thickness 
(4 mm) and in the longitudinal direction of the dogbone specimen. The 
measured residual stress profile in function of depth is shown in Figure 4.27. 
At the surface is a residual stress of -180 ± 18 MPa measured, the negative 
sign indicates a compressive stress state. More in depth of the material is a 
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more oriented microstructure observed, increasing the relative error of the 
measurements. Qualitative comparison of the measured stress and the 
stress σxx of the FE simulation show a similar trend: a residual compressive 
stress at the surface that decreasing in function of depth. 
 
 
 
Figure 4.27. Residual stress profile in function of depth. 
 
4.2.7 Microstructure 
 
The microstructure of the aluminium 2024 T3 thus not change significantly 
due to deep rolling. The deep rolling process acts different on the initial 
orientation of the grains in the coupon scale compared to the full scale 
samples. On the coupon scale samples, the deep rolling process is 
performed perpendicular to the original rolling direction and longitudinal 
grains. On the full scale samples, the rolling process is performed parallel to 
the original rolling process and longitudinal grains. Nevertheless, in both 
cases there is no significant difference in grain geometry when compared to 
the initial state of the aluminium.  
 
The microstructure of the deep rolled coupon scale specimens is shown in 
Figure 4.28. The microstructure shows some black dots which are etching 
artefacts and not part of the aluminium microstructure. The grain geometry is 
fairly globular with a grain size of 209 ± 88 µm, in line with the original grain 
size. The grain geometry is not significant non-uniform across the width 
(= 10 mm) of the specimen. 
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Figure 4.28. Microstructure of a coupon scale dog bone specimen. 
 
The microstructure of the deep rolled full scale specimens is shown in Figure 
4.29. The microstructure shows some black dots which are etching artefacts 
and not part of the aluminium microstructure. The length of the grains is 
266 ± 79 µm and the size in orthogonal direction is 61 ± 23 µm. This is in line 
with the original grains. The grain geometry is not significant non-uniform 
across the width (= 4 mm) of the specimen. 
 
 
 
Figure 4.29. Microstructure of a deep rolled double bolted lap joint specimen. 
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4.3 Combination of surface topography and residual 
compressive stresses 
4.3.1 Introduction 
 
The intended palliative mechanism is the combination of the two mechanisms 
mentioned above. Firstly, reducing the amount of debris particles in the 
contact by applying cavities at the surface. Secondly, introducing residual 
compressive stresses at the surface to counter the high tensile stresses in 
fretting fatigue contacts. 
 
The specimens will be rolled with the device described in section 4.2.2. The 
only difference is that the rolls are textured in such a way that the rolled 
texture at the specimens’ surface should be similar to the point pattern. The 
applied rolling force remains identical to the force used to deep roll without 
texture (section 4.2). As a result, the global residual compressive stress 
profile should be similar to the stress profile in section 4.2.6. 
4.3.2 Textured rollers 
 
The rolls to roll the specimens are identical (material, geometry) to the rolls 
used to deep roll without texture. The only difference is that the surface is a 
texture with a pattern, see Figure 4.30. The pattern on the rolls’ surface is the 
negative profile of the point pattern which is aimed at the specimens, see 
Figure 4.10, left.  
 
 
 
Figure 4.30. Overview of an assembled shaft with a textured roll. 
 
The pattern is applied on the rolls with a laser, Trumpf Trumark 5040, as 
described in 4.1.1. The only difference is the used optics, allowing a laser 
spot of ~ 40 µm. Texturing the negative pattern of the point pattern is 
impossible because of the laser spot size and the inherent shape (spherical 
cap) of one single laser shot. The targeted pattern is approximated by 
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ablating the material outside of the point pattern, and retaining the material in 
the points, see Figure 4.31 left. However, the presupposed smooth cylindrical 
area in between the points appears to be very rough, as seen in Figure 4.31 
right. The roughness of the lasered area increased a lot while the untreated 
areas (points) remain more or less flat. The obtained surface roughness Ra 
between the points is 1.42 µm which is close to the theoretical value 
Ra = 1.27 µm of a surface which is periodically with a circular segments of 
5 µm deep and 40 µm wide. A smoother surface between the points could 
not be applied with the available lasers due to the inherent shape of the 
abated volume. 
 
 
Figure 4.31. Detailed view of the texture on the rollers. 
 
4.3.3 Coupon scale fretting fatigue sample 
 
The textured deep rolling treatment is applied on the dogbone specimen at 
the locations of contact between the specimen and the pad, see Figure 4.32. 
The deep rolled areas are 4 x 35 mm, of which only the middle 4 x 20.5 mm 
is textured deep rolled. The deep rolling process is repeated two times with 
equal normal force. The first repetition without textured rollers, the second 
repetition with textured rollers. An example of the textured deep rolling 
process on a coupon scale fretting fatigue sample is shown in Figure 4.2. 
 
  
 
Figure 4.32. Location of textured deep rolling on coupon scale dogbone 
sample. 
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4.3.4 Full scale double bolted lap joint sample 
 
The deep rolling treatment is applied on the lap joint specimens at the 
locations of contact. At the area of contact is the deep rolling process 
repeated two times (20 x 20.5 mm), see Figure 4.33. The first repetition 
without textured rollers, the second repetition with textured rollers. Adjacent 
to the area of two repetitions is the area one time deep rolled (without 
texture) to minimise the transition of thickness reduction and the residual 
stress concentration. An example of the textured deep rolling process on a 
double bolted lap joint sample is shown in Figure 4.4. 
 
 
Figure 4.33. Location of deep rolling and texture on full scale double bolted 
lap joint sample. 
 
4.3.5 Topographic characterisation 
 
The deep rolled surface texture does not match the point pattern as 
described in section 4.1.5. With the naked eye there is no visible difference 
between the laser textured point pattern and the deep rolled point pattern, 
see Figure 4.34 left. Also, the bearing curve of the laser textured point pattern 
and the deep rolled textured surfaces are very similar, see Figure 4.35. 
However, the measured surface topography shows something completely 
different, Figure 4.34 right. The area between the points is very uneven, while 
the points are rather smooth, see Figure 4.36. The ‘depth’ of the points is 
negated by the deep valleys in the area between the points. 
 
 
Figure 4.34. Specimen surface after deep rolling with a textured roll. 
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Figure 4.35. Bearing curves of three surface finishes. 
 
 
 
 
Figure 4.36. Roughness profile after deep rolling with a textured roll,  
location of points marked with an arrow. 
 
The deep rolled texture serves perfectly as palliative. The roughness valleys 
between the intended points act as cavities where fretting debris can 
disappear from the contact. The deep rolled pattern has two advantages 
compared to the laser textured point pattern. The cavities are more numerous 
and more evenly distributed. Secondly, the total cavity volume in which 
particles can vanish is more than two times higher compared to the total 
cavity volume of the laser textured point pattern, see Table 4.4. 
 
Table 4.4. Geometrical properties of the lasered point pattern and the deep 
rolled pattern. 
 
 
Laser textured 
point pattern 
Deep rolled 
pattern 
Average cavity diameter [µm] 126.14 26.52 
Average cavity depth [µm] 7.27 3.81 
Area of one cavity [µm²] 12490 552 
Volume of one cavity [µm³] 45604 1081 
Coverage [%] 20.4 79.6 
Representative area [µm²] 350x350 350x350 
Area covered with cavities [µm²] 24981 97519 
Total cavity volume [µm³] 91207 190887 
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The coupon scale dogbone samples are after deep rolling slightly barrel 
shaped due to the high ratio of width (10 mm) to thickness (4 mm) of the 
rolling process. The height of the barrel curvature (excluding roughness and 
cavities) is limited to 10.71 ± 3.05 µm, similar to the deep rolling process 
without texturing. A representative profile of the barrel geometry is shown in 
Figure 4.37. This geometrical minor deviation is not seen in the double bolted 
lap joint samples. 
 
 
 
Figure 4.37. Through thickness profile of a dogbone specimen 
after deep rolling with textured rollers. 
 
4.3.6 Microstructure 
 
The microstructure and grain size after deep rolling with textured rolls is 
similar to the virgin material. The microstructure of the double bolted lap joint 
specimens is shown in Figure 4.38, and displays pronounced elongated 
grains in the rolling direction similar to the original grain geometry. The 
surface cavities are not clearly observable in the micrographic samples. Not 
at the surface edge, nor at the underlying microstructure. The microstructure 
of a coupon scale fretting fatigue dogbone specimen is shown in Figure 4.39. 
All microstructures show some black dots which are etching artefacts and not 
part of the aluminium microstructure. 
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Figure 4.38. Microstructure of a double bolted lap joint specimen which is 
deep rolled with textured rolls. 
 
 
 
Figure 4.39. Microstructure of a coupon dogbone sample which is deep rolled 
with textured rolls. 
 
5 Summary and conclusions 
 
In total nine different groups of test samples are produced for experimental 
testing. Five sets are made for coupon scale testing, four sets are made for 
full scale testing. All nine test sets are made out of one single plate of 
aluminium 2024 T3. Two sets are made with a virgin surface finish i.e. no 
addition surface treatment is applied. The experimental results of these 
samples are used as baseline to study the influence of fretting fatigue 
palliatives. Three palliative are applied on the test specimens: modifying 
surface topography, introducing residual compressive stresses and the 
combination of both. 
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On three sets is a fretting fatigue palliative applied by altering the surface 
topography. On the surface are small cavities introduces where fretting debris 
may disappear from the contact. The cavities are ablated by a Yb-YAG laser. 
The ablation process thus not influences the microstructure of the aluminium 
in the vicinity of the cavity. The ablated cavities are applied in two patterns: a 
point pattern and a line pattern. Although the pattern layout is different, the 
dominant geometrical parameters are significantly similar: cavity depth 
~ 7.5 µm, cavity height ~ 1.4 µm and width/diameter ~ 123 µm. 
 
Residual compressive stresses as a fretting fatigue palliative is applied on 
two sets of specimens, one set for coupon scale testing and one set for full 
scale testing. The specimens are deep rolled with a custom rolling mill and an 
average Hertzian contact pressure of 570 MPa. The residual stress at the 
surface is compressive with a magnitude of -180 ± 18 MPa, in function of 
depth the residual compressive stress reduces. The original specimen 
thickness of 4 mm is reduced by 46 ± 3 µm. The microstructure of both sets 
is affected in a different way due to the initial different grain orientation. The 
coupon scale specimens have a more equiaxed grainstructure, in contrast, 
the full scale specimens have non-equiaxed grains. The surface hardness 
and the surface roughness are not significantly affected by the deep rolling 
process. 
 
The third and last applied palliative is the combination of residual 
compressive stresses and a modified surface topography. This is done by 
deep rolling the samples with modified rollers on the rolling mill. The palliative 
is applied on one set coupon scale samples and on one set of full scale 
samples. Deep rolling is performed with identical rolling parameters as in the 
rolling process without textured rolls, resulting in similar residual compressive 
stresses, thickness reduction and microstructural changes. The surface 
topography is dissimilar compared to the laser textured point pattern. The 
cavities depth and diameter are smaller, however, more cavities are uniformly 
distributed over the surface. The latter positive influence and former negative 
influence both affect the efficiency of the palliative. However, comparing the 
efficiency of only topography is not a goal. A qualitative comparison of three 
palliatives on two setups is the objective and will be performed in the 
following chapters. 
 
The used aluminium alloy 2024 T3 is characterised by quasi-static tensile 
tests and hardness measurements. The aluminium meets the material 
specification in terms of yield stress, ultimate tensile stress and hardness.  
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1 Goal 
 
The experimental test program conducted in the framework of this study is 
presented in this and following chapter. The experiments presented in 
underlying chapter are coupon scale experiments. The following chapter 
presents the experiments conducted on full scale double bolted lap joints. 
 
Coupon scale experiments not only comprise fretting fatigue experiments, 
but also plain fatigue experiments. The latter experiments are used to 
characterise the used aluminium alloy 2024 T3 and compare to literature, 
see paragraph 2. However, the majority of the reported experiments are 
coupon scale fretting fatigue experiments performed on the test rig described 
in chapter 3, paragraph 3. Forty-two experiments are performed on five 
different configurations (virgin, 2 x laser textured, deep rolled and deep rolled 
with texture) to study the influence of two palliative mechanisms 
(topographical changes and residual compressive stress introduction). 
 
The efficiency of palliatives is mainly compared on the basis of total fretting 
fatigue lifetime. Post mortem analyses serve to a better understanding of the 
fretting fatigue behaviour and the palliative mechanism. Macroscopic 
observations are performed on the contact areas and the fracture surfaces. 
Microscopic research focusses on the occurred crack initiation and 
propagation. The results of the field measurement techniques are not 
included in this chapter but separately provided in chapter 7. 
2 Plain fatigue experiments 
 
A small number of fatigue experiments are performed to quantify the fatigue 
life of aluminium alloy 2024 T3. The fatigue data is compared to literature 
and shall be used as base line to compare fretting fatigue lifetimes.  
 
Fatigue experiments are performed on dogbone shaped specimens identical 
to the dogbone specimens used for fretting fatigue experiments. The 
geometry is given in Figure 4.1; the surface roughness Ra of the entire gauge 
section is smaller than 0.3 µm. All the experiments are performed on a 
100 kN uniaxial load frame. The fatigue frequency is 10 Hz and the load ratio 
Rσ is equal to 0.1. The applied loads are chosen such that the measurement 
points are located in the high cycle fatigue range. The fatigue experiments 
were performed in ambient air (temperature and humidity). 
 
All the tested specimens failed due to plain fatigue somewhere in the gauge 
length. The SN-data points of the fatigue experiments are shown in Figure 
5.1. A comparison is displayed with the fatigue data of Ghidini et. al. [5.1]. In 
this paper, completely the same parameters were used with the exception of 
the test frequency f which was 60 Hz. A good correspondence can be seen 
between the measured fatigue data and these in Ghidini’s work. 
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Figure 5.1. Comparison of measured data (UGent, f = 10Hz) and literature 
fatigue data (Ghidini et. al. [5.1], f = 60Hz) of aluminium alloy 2024 T3. 
 
3 Coupon scale fretting fatigue experiments 
 
This section presents and discusses the results of the coupon scale fretting 
fatigue experiments. Forty-two experiments are performed with five different 
surface finishes: a virgin surface, a laser textured point pattern, a laser 
textured line pattern, a deep rolled surface and a deep rolled surface with an 
additional press rolled point pattern. The specimens’ geometry (dogbone and 
pad) is given in chapter 4, paragraph 2.1. The different surface topographies 
are quantified in chapter 4, section 4. The specimen’s configuration is 
specified in chapter 3, paragraph 3.1.1. The experiments are performed on a 
custom fretting fatigue test rig described in chapter 3, section 3. The followed 
test procedure is listed in chapter 3, paragraph 3.1.6. The testing conditions 
(applied normal force and fatigue force) are chosen so that a mixed stick slip 
contact condition (essential for fretting fatigue condition) is achieved. The 
applied testing conditions are based on literature [5.2], finite element 
simulations [5.3] and acquired experience. 
 
3.1 Virgin surface 
 
Eleven fretting fatigue experiments are conducted on coupon scale 
specimens with a virgin surface, see Table 5.1, page 146. The normal force 
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is maintained constant at 543 N for all the experiments. The applied 
maximum fatigue force varies between 4 and 8.8 kN, the test frequency is 
set at 10 Hz and the load ratio is kept at 0.1. 
 
All the experiments failed due to fretting fatigue. A typical view of a failed 
coupon scale experiment is shown in Figure 5.2. The dogbone specimen is 
broken in two parts at the location of contact with the pads. The pads show 
no macroscopic fractures.  
 
 
 
Figure 5.2. General view of pads and specimen after fretting fatigue failure. 
 
The fretting fatigue damage will be analysed in three ways. First the contact 
damage is analysed. Secondly, the crack trajectory is studied on a 
metallographic sample. Finally, the fracture surface is examined. 
 
Surface damage is seen on the dogbone specimen and the pads at the 
location of contact and its proximity. A representative view of post mortem 
damage is shown in Figure 5.3. The corresponding calculated local slip 
distribution (using finite element simulations) for the presented images is 
shown in Figure 5.3, right. The damage pattern on the dogbone specimen 
and the pad are almost identical which makes since sense they are 
generated together (damage on the following pad and dogbone specimen 
pictures are each other’s mirror image). The damage pattern can be divided 
in four horizontal areas, reaching from the left hand side to the right hand 
side of the specimens. 
 
The first area is a narrow strip at the edge of the contact located at the side 
of the fixed clamping (bottom side in the following pictures). In the area is a 
tiny amount of black oxidized aluminium particles found. Also, very short 
abrasion marks (< 1 µm) are observed in tangential (vertical) direction. From 
this one can conclude that in this area there has been a very small 
reciprocating slip between the surfaces. This corresponds with the mixed 
stick slip contact theory: at the remote side of the applied force is the 
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smallest slip amplitude found. In Figure 5.3 is the first area visually 
observable; however, on other specimens is microscopic research 
necessary. 
 
 
Figure 5.3. Different surface damage areas on a virgin dogbone specimen  
and pad (σmax = 220 MPa). 
 
The second area is adjacent to the first area. The surface topography is 
different from the initial surface but no accumulation of aluminium oxidized 
particles is seen. The original line pattern (from polishing) is transformed to 
an area with plastically deformed asperities. No abrasion marks are 
observed. In this area, the surfaces where sticking to each other (i.e. no slip) 
which is in line with the contact theory. The normal contact pressure 
(69 MPa < p(x) < 190 MPa) was everywhere in the area high enough to 
plastically deform the asperities. 
 
The third area is positioned next to the second area and just like the first 
area characterised by accumulated debris particles and tangential abrasion 
marks. The main difference with the first area is the size. The third area 
shows considerably more debris accumulation, is significantly wider and 
displays longer abrasion marks compared to the first area. This is again in 
correspondence with the mixed stick slip contact theory. The width of the 
local slip area is wider and the slip amplitude is higher compared to the first 
area (see Figure 5.3, right). In the transition of the second to the third area 
initiates the governing crack in the dogbone specimen which causes the 
latter to fail. 
 
The fourth and last area is not directly related to the mixed stick slip contact 
condition but arises at the time of fracture. The fourth area is adjacent to the 
third area at the side of the applied fatigue load. The area has a different 
aspect on the pad and specimen. On the pad are multiple deep and long 
abrasion marks seen in tangential (vertical) direction. On the dogbone 
specimen is the fourth area much narrower and less pronounced. The 
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abrasion marks are the result of gross sliding between the (upper side of the) 
specimen and the stationary pad. After fracture of the dogbone specimen the 
upper part of the specimen moves upwards. During this large displacement 
is abrasion caused between the stationary pad (causing longer marks) and 
the moving dogbone (causing shorter marks). 
 
After failure, the width (perpendicular to the length of 4 mm) of the fretted 
area (areas 1, 2 and 3) measures ~ 1.62 mm. This is different to the initial 
Hertzian contact width calculated as 0.94 mm. Also the measured widths of 
the stick and slip zones differ from the theoretical values (analytical and finite 
element simulations). The difference is caused by the fretting wear process 
during testing. The wear process modifies the initial specimens’ geometry so 
that the contact develops more conformal. It follows that the contact width 
becomes wider during the experiment. A qualitative comparison shows that 
mixed stick slip contact condition occurred during the performed 
experiments. A quantitative comparison between the measured post mortem 
damage areas and the calculated initial contact conditions can be used as a 
measure for fretting wear. 
 
The contact is intended to be a perfect Hertzian line contact between a 
cylindrical (pad) and a flat (dogbone) surface, see Figure 5.4, right contact. 
This type of contact is obtained when the surfaces are well aligned. 
However, when the pad and specimen are misaligned is an edge contact 
created (see Figure 5.4, left contact). This type of contact obviously has a 
different contact area, stress condition, slip distribution, etc. compared to the 
line contact. 
 
 
 
Figure 5.4. Surface damage of pads and specimen after fretting fatigue 
failure. 
 
During mounting are the pads aligned with a caliper relative to the dogbone 
specimen and subsequently controlled on alignment. By this procedure is at 
least one contact a perfect line contact. In eight of the eleven experiments 
135 
was the second contact not a perfect line contact but an edge contact. It is 
observed that the governing fretting fatigue crack always initiated from the 
line contact. It is therefore concluded that all the tested samples failed due to 
fretting fatigue initiated at a perfect line contact. 
 
The alignment of the specimens and pads can be verified prior to testing in 
three ways: with a pressure sensitive film, with DIC and by a visual method. 
The first experiments are verified with the pressure sensitive film, see Figure 
5.5. The film is inserted in the contact after which a normal force is applied. 
The film discolours where the normal pressure exceeds a certain threshold. 
The shape of discoloration is an imprint of the contact and reveals if the 
contact is more a line contact or an edge contact. 
 
 
 
Figure 5.5. Alignment results with a pressure sensitive film. 
 
The alignment of the specimens can also be checked by the digital image 
correlation (DIC) measurement technique, see chapter 7, paragraph 1.6. Via 
DIC, it is possible to measure the position of two or more surfaces in the 
three-dimensional space. From this one can calculate the angular 
misalignment and the off-set perpendicular to the line contact. The angular 
misalignment indicates if the contact is more a line contact or an edge 
contact. However, there are not enough DIC measurements performed to 
derive an experimental threshold to distinguish line and edge contact. 
 
A final inspection method to check the alignment is by visual examination 
with for example a precision knife-edge ruler or by tactile examination. The 
latter is the fastest technique but requires some experience and skills. When 
properly executed one can distinguish a line contact and an edge contact. 
Almost all the performed coupon scale experiment are validated in this way 
because of the sufficient accuracy, fast examination and no additional coast. 
 
The second examination of the fretting fatigue fracture is the crack trajectory 
analysis. Crack initiation always happens at the transition from the sticking 
zone to the sliding zone at the side of the applied fatigue force, i.e. at the 
transition of area two to area three. Multiple crack initiation locations are 
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seen scattered at this transition, see Figure 5.6. A representative 
micrographic sample of the dominant crack trajectory is shown in Figure 5.7. 
The dominant crack initiates at an angle φ of 41 ± 5° relative to the contact 
area. The crack propagates further in two distinct stages. During the first 
stage declines the crack trajectory from the initial crack angle towards an 
angle φ of 90°. The length over which this is done is approximately 900 µm. 
In the second stage, the crack continues to propagate and remains constant 
in orientation: φ = 90°, which is perpendicular to the fatigue loading. All 
microstructures show some black dots which are etching artefacts and not 
part of the aluminium microstructure. 
 
 
 
Figure 5.6. Micrographic view of a fretting fatigue crack initiation location with 
indication of three initiated but non-propagated cracks. 
 
 
 
 
Figure 5.7. Micrographic view of a fretting fatigue crack trajectory. 
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The two stage crack trajectory is also observed in other research [5.2, 4]. In 
the first stage is the crack driving force governed by a mixed mode crack 
loading. In the area of the crack tip is a complex stress distribution present, 
coming from the normal load, tangential load and the fatigue load. The crack 
tip is hence loaded as a combination of mode I (opening mode) and mode II 
(in-plane shear mode). Further away from the contact converts the stress 
state more towards a unidirectional stress (parallel to the fatigue force). In 
this second stage is the crack tip solely loaded in mode I, i.e. loaded as a 
typical fatigue crack. Transition from the first to the second stage of crack 
propagation is in literature expressed in function of the half contact width. 
The transition takes place between one to two times the half contact width. In 
Figure 5.7, the transition takes place at approximately 900 µm which is in the 
range of one (470 µm) to two (940 µm) times the half contact width. 
 
The third and last study on the fretting fatigue fracture is the fracture surface 
analysis. The fracture surface of a typical coupon scale fretting fatigue 
experiment is shown in Figure 5.8. The fracture surface can be divided in 
three areas. On the right hand side of Figure 5.8 is a large area of fatigue 
crack propagation seen. At the left hand side is a small crack propagation 
area seen. In between is a typical residual tensile fracture observed. The 
major crack propagated from a line contact at the right hand edge of the 
specimen. The crack initiated as a few small cracks which conglomerated 
and propagated as one major fatigue crack. At the right hand side of the 
specimen the crack covers the complete width of the specimen (= 4 mm). 
The crack is visible at both edges. More towards the middle of the specimen 
grows the crack only at the centre of the specimen, and is the crack tip not 
visible at the sides of the specimen. The crack shape is semi elliptical and 
grows more in depth than through width because of the triaxial stress state 
[5.5]. In addition to the major crack propagation area is also a small crack 
propagation area observed, see Figure 5.8, left. The crack initiated from an 
edge contact and covers only ~ 80 % of the width of the specimen, equal to 
the effective width of contact. 
 
 
 
Figure 5.8. Typical fracture surface after fretting fatigue failure  
of a dogbone specimen. 
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3.2 Modified surface topography 
3.2.1 Point pattern 
 
Six fretting fatigue experiments are conducted on coupon scale specimens 
with a point patterned surface topography, see Table 5.1, page 146. The 
normal force is maintained constant at 543 N for all the experiments. The 
applied maximum fatigue force varies between 4.6 and 8.8 kN, the test 
frequency is set at 10 Hz and the load ratio is kept at 0.1. All the experiments 
failed due to fretting fatigue. 
 
The damage pattern is identical to the damage pattern seen on the virgin 
surface specimens, see Figure 5.9. Four areas can be distinguished as 
presented in Figure 5.3. In the second area on the dogbone specimen are 
the cavities faded but still visible. The third area on the dogbone specimen, 
where the slip amplitude is largest, shows a uniform distribution of debris. 
The cavities are not visible anymore. On the pad in the third area is the 
debris distribution also uniform. 
 
 
 
Figure 5.9. Post mortem view of the coupon scale specimens 
 after fretting fatigue failure. 
 
Figure 5.10 shows a 3D topographic view of a dogbone specimen where the 
debris particles are removed from. Outside the fretted area the point pattern 
is clearly visible. The depth of the spherical caps is between 7 and 7.5 µm. 
The fretted area shows a surface alteration at which the four areas are 
indistinguishable. At some locations are the original cavities still observable. 
In the fretted area is the maximum peak to valley dimension 38 µm.  
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Figure 5.10. 3D and 2D topography of a coupon scale specimen 
 after fretting fatigue failure. 
 
The dominant crack initiated at the transition of area two to area three. At the 
transition are a few cracks initiated, however only one propagated to the 
dominant crack. The dominant crack did not initiate preferential in a cavity, 
nor did the dominant crack grow through all the nearest cavities. The cavities 
appear to have no influence on the dominant crack trajectory. Figure 5.11 
shows a microscopic view of a dominant crack that did not grow through the 
nearest cavity. At the shown cavity a small crack initiated to a size of 
~ 15 µm but is not a part of the dominant crack. The microstructure shows 
some black dots which are etching artefacts and not part of the aluminium 
microstructure. 
 
 
 
Figure 5.11. Crack initiation of a point pattern lasered coupon scale 
specimen. 
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The fracture surface layout of the point patterned specimens is similar to the 
damage pattern seen on the virgin surface specimens, see Figure 5.12. 
 
 
 
Figure 5.12. Fracture surface of a point patterned dogbone specimen after 
fretting fatigue failure. 
 
3.2.2 Line pattern 
 
Nine fretting fatigue experiments are conducted on coupon scale specimens 
with a line patterned surface topography, see Table 5.1, page 146. The 
normal force is maintained constant at 543 N for all the experiments. The 
applied maximum fatigue force varies between 4.6 and 8.8 kN, the test 
frequency is set at 10 Hz and the load ratio is kept at 0.1. All the experiments 
failed due to fretting fatigue. A typical view of a failed dogbone specimen and 
pad is shown in Figure 5.13. 
 
 
 
Figure 5.13. Post mortem view of the coupon scale specimens after fretting 
fatigue failure. 
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The damage pattern is different to the damage pattern seen on the virgin and 
point patterned specimens. However, the four damage areas as presented in 
Figure 5.3 are similar. In the second area on the dogbone specimen are the 
lines partially visible and partially faded. The dominant crack initiates at the 
transition of the second to the third area. The main difference with previous 
experiments is that the crack further develops along one of the lasered lines.  
The third area on the pad, where the slip amplitude is largest, shows a debris 
distribution along the line of crack initiation. 
 
The dominant crack propagates always at the transition of area two to area 
three along the lasered line cavity. Figure 5.14 shows a microscopic view of 
a dominant crack that initiated at a lasered line cavity. The microstructure 
underneath the lasered cavities is visually not different compared to the bulk 
material. The stress concentration factor of the line cavity is very low, only 
0.14 %. Nevertheless, all dominant cracks go through one of the line cavities. 
The microstructure shows some black dots which are etching artefacts and 
not part of the aluminium microstructure. The fracture surface layout of the 
line patterned specimens is similar to the damage pattern seen on the virgin 
surface specimens, see Figure 5.15. 
 
 
 
Figure 5.14. Crack initiation area of a line pattern lasered coupon scale 
specimen after fretting fatigue failure. 
 
 
 
Figure 5.15. Fracture surface of a line patterned dogbone specimen after 
fretting fatigue failure. 
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3.3 Residual compressive stresses 
 
Six fretting fatigue experiments are conducted on coupon scale specimens 
with a residual compressive stress, see Table 5.1, page 146. The normal 
force is maintained constant at 543 N for all the experiments. The applied 
maximum fatigue force varies between 4.6 and 8.8 kN, the test frequency is 
set at 10 Hz and the load ratio is kept at 0.1. Five of the six experiments 
failed due to fretting fatigue, one experiment (at the lowest fatigue force) did 
not fail after three million cycles. A typical view of a failed dogbone specimen 
and pad is shown in Figure 5.16. The damage at the contact thus not reveals 
an equal width across the specimen thickness. This because the contact is 
not a perfect line contact but an elliptical contact since the dogbone 
specimen is barrel shaped, see chapter 4, paragraph 3.2.5. However, the 
damage pattern subdivided in four areas is identical to the damage pattern 
seen on the virgin surface specimens. 
 
 
 
Figure 5.16. Post mortem view of the coupon scale specimens after fretting 
fatigue failure. 
 
The dominant crack initiated at the transition of area two to area three. At the 
transition are a few cracks initiated, however only one propagated to the 
dominant crack. Figure 5.17 shows a microscopic view of a dominant crack. 
At the shown microstructure, two small cracks initiated to a size of ~ 60 µm 
and ~ 35 µm but are not a part of the dominant crack. The microstructure 
shows some black dots which are etching artefacts and not part of the 
aluminium microstructure. 
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Figure 5.17. Crack initiation area of a coupon scale specimen with residual 
compressive stresses after fretting fatigue failure. 
 
The fracture surface layout of the specimens with a residual compressive 
stress is similar to the damage pattern seen on the virgin surface specimens, 
see Figure 5.18. 
 
 
 
Figure 5.18. Fracture surface of a dogbone specimen with a compressive 
residual stress after fretting fatigue failure. 
 
3.4 Combination of surface topography and residual 
compressive stresses 
 
Ten fretting fatigue experiments are conducted on coupon scale specimens 
where two palliatives are applied: a surface topography and a residual 
compressive stress, see Table 5.1, page 146. The normal force is 
maintained constant at 543 N for all the experiments. The applied maximum 
fatigue force varies between 4.6 and 8.8 k, the test frequency is set at 10 Hz 
and the load ratio is kept at 0.1. Nine of the ten experiments failed due to 
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fretting fatigue, one experiment (at the lowest fatigue force) did not fail after 
three million cycles. A typical view of a failed dogbone specimen and pad is 
shown in Figure 5.19. The damage at the contact thus not reveals an equal 
width across the specimen thickness. This because the contact is not a 
perfect line contact but an elliptical contact since the dogbone specimen is 
barrel shaped, see chapter 4, paragraph 3.3.5. However, the damage pattern 
is identical to the damage pattern seen on the virgin surface specimens. Four 
areas can be distinguished as presented in Figure 5.3. 
 
 
 
Figure 5.19. Post mortem view of the coupon scale specimens with an 
applied residual compressive stress and a topographical change. 
 
The dominant crack initiated at the transition of area two to area three. 
Figure 5.20 shows a microscopic view of a dominant crack. The 
microstructure shows some black dots which are etching artefacts and not 
part of the aluminium microstructure. 
 
 
 
Figure 5.20. Crack initiation area of a coupon scale specimen with a residual 
compressive stresses and a topographical change. 
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The fracture surface layout of the specimens with a combination of a residual 
compressive stress and a topographical change is similar to the damage 
pattern seen on the virgin surface specimens, see Figure 5.21. 
 
 
 
Figure 5.21. Fracture surface of a dogbone specimen with compressive 
residual stress and a topographical change. 
 
3.5 Fretting fatigue lifetime of coupon scale samples 
 
Table 5.1 gives an overview of the performed coupon scale fretting fatigue 
experiments described in this chapter. Forty-two fretting fatigue experiments 
have been performed on coupon samples in the high cycle fatigue area 
(5·104 to 3·106). The global specimen geometry and the experimental 
procedure were similar for all the tests. The only difference was that four 
surface treatments were locally applied on the dogbone specimen in the 
vicinity of the contacts. Two experiments reached three million cycles without 
failure. Eleven experiments were repeated once and gave an average 
spread in lifetime of 14 % which is very reasonable for fatigue experiments 
[5.6]. Figure 5.22 gives five SN-curves including a ~ 68 % confidentiality 
interval, one SN-curve with a virgin surface and four curves with different 
palliatives.  
 
Compared to the virgin test batch, laser texturing gives poor results. At more 
than 180 000 cycles there is no significant difference in lifetime. Below this 
limit, the lasered point pattern gives a higher lifetime while the lasered line 
pattern results in lower lifetimes. One point on the SN-curves can 
qualitatively be compared to literature [5.7]. Note that the above presented 
experiments have different test conditions compared to the literature test, so 
only a qualitative comparison is presented. Volchok et al. found that around 
half a million cycles, there is no significant influence on the fretting fatigue 
lifetime when texturing a beam with a texture depth of 5.3 µm. 
 
In contrast to laser texturing, the deep rolled specimens give significantly 
improved lifetimes over the entire test range compared to the virgin test 
batch. The difference between the deep rolled specimens and the deep 
rolled specimens with addition point pattern is not significantly quantifiable in 
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the tested range. At the lowest applied fatigue stress (σmax = 115 MPa) is the 
lifetime improvement more than a factor 2.7. At one million cycles the 
maximum allowable stress is 25 % higher. The influence of deep rolling can 
qualitatively be compared to some literature. Note that the above presented 
experiments have different test conditions compared to the literature tests, so 
only a qualitative comparison is presented. Majzoobi et al. found that deep 
rolling with a high rolling force improves the fretting fatigue lifetime [5.8]. Also 
Nalla et al. present an improved fretting fatigue lifetime when deep rolling is 
applied [5.9]. Literature that compares the influence of deep rolling and deep 
rolling combined with surface texture on the fretting fatigue life is not 
available. 
 
 
Table 5.1. Experimental data of the coupon scale fretting fatigue 
experiments.  
 
Surface 
preparation 
Max 
force 
[kN] 
Max 
stress 
[MPa] 
FN 
[N] 
FTa  
[N] 
Lifetime  
[-] 
Remark 
Virgin 8.8 220 543 267.2 99607 
 
Virgin 8.8 220 543 317.8 86647 
 
Virgin 8.2 205 543 269.1 114645 
 
Virgin 7.6 190 543 241.5 141890 
 
Virgin 7.6 190 543 220.4 113699 
 
Virgin 7.0 175 543 195.1 186050 
 
Virgin 6.4 160 543 193.7 245690 
 
Virgin 5.4 135 543 223.7 358082 
 
Virgin 5.4 135 543 195.6 419919 
 
Virgin 4.6 115 543 186.3 1105245 
 
Virgin 4.0 100 543 155.2 1407257 
 
Laser:  
point pattern 
8.8 220 543 244.2 136759 
 
Laser: 
 point pattern 
8.8 220 543 315.7 117085 
 
Laser:  
point pattern 
8.2 205 543 231.7 157465 
 
Laser:  
point pattern 
6.4 160 543 143.0 241243 
 
Laser: 
point pattern 
5.4 135 543 123.8 440453 
 
Laser:  
point pattern 
4.6 115 543 180.5 666631 
 
Laser:  
line pattern 
8.8 220 543 238.5 54848 
 
Laser:  
line pattern 
8.8 220 543 277.0 58728 
 
147 
Surface 
preparation 
Max 
force 
[kN] 
Max 
stress 
[MPa] 
FN 
[N] 
FTa  
[N] 
Lifetime  
[-] 
Remark 
Laser:  
line pattern 
8.2 205 543 240.1 68471 
 
Laser:  
line pattern 
7.6 190 543 225.5 72503 
 
Laser:  
line pattern 
7.6 190 543 179.3 72000 
 
Laser:  
line pattern 
6.4 160 543 168.5 159038 
 
Laser:  
line pattern 
5.4 135 543 180.1 334085 
 
Laser:  
line pattern 
5.4 135 543 172.4 287986 
 
Laser:  
line pattern 
4.6 115 543 134.7 1080855 
 
Deep rolled 8.8 220 543 271.9 165370 
 
Deep rolled 8.8 220 543 257.5 135700 
 
Deep rolled 8.2 205 543 237.0 164023 
 
Deep rolled 6.4 160 543 201.1 595484 
 
Deep rolled 5.4 135 543 168.8 597897 
 
Deep rolled 4.6 115 543 155.4 3000000 
Not 
failed 
Deep rolled  
with texture 
8.8 220 543 240.1 129537 
 
Deep rolled  
with texture 
8.8 220 543 281.5 225111 
 
Deep rolled  
with texture 
8.2 205 543 201.6 191299 
 
Deep rolled  
with texture 
7.6 190 543 205.2 193034 
 
Deep rolled  
with texture 
7.6 190 543 187.2 194033 
 
Deep rolled  
with texture 
7.0 175 543 199.2 388682 
 
Deep rolled  
with texture 
6.4 160 543 183.2 464002 
 
Deep rolled  
with texture 
5.4 135 543 165.2 804017 
 
Deep rolled  
with texture 
5.4 135 543 144.4 775725 
 
Deep rolled  
with texture 
4.6 115 543 129.6 3000000 
Not 
failed 
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Figure 5.22. Fatigue and fretting fatigue SN-data of all the tested coupon 
scale experiments. 
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4 Summary and conclusions 
 
In this chapter, the experimental work of this research performed on coupon 
scale is presented. Two types of experiments are performed: plain fatigue 
tests and fretting fatigue tests. The plain fatigue lifetime in the measured high 
cycle fatigue range is in line with experimental results from literature. 
 
The vast majority of the experiments are coupon scale fretting fatigue 
experiments performed on the UGent test rig. Forty-two experiments are 
performed on four different test configurations to study the influence of two 
palliatives: topographical changes and introducing residual compressive 
stresses. This extensive test matrix provides a reliable basis for analysis. It is 
remarked that this comparative study on the two palliative mechanisms in the 
same test conditions is unprecedented in literature. Also, the amount of 
experiments exceeds nearly all other experimental programs. That is why 
this research delivers a significant added value to the existing fretting fatigue 
research. 
 
The fretting fatigue experiments performed on the virgin coupon samples are 
used as a reference to compare the palliatives. Eleven ‘virgin’ experiments 
are performed with different maximum fatigue force (from 4 to 8.8 kN) 
resulting in high cycle fatigue data (8 x 104 to 1.4 x 106 cycles). All the other 
parameters remained the same. Fretting fatigue damage is identified in 
various ways. The post mortem surface damage at the contact can be 
divided in four areas. Three areas are specific to fretting fatigue: one central 
sticking zone, and two asymmetric sliding zones. The relative size of the 
areas is in line with the theoretical models. The fourth and last zone has 
nothing to do with fretting fatigue, it are abrasion marks formed just after 
complete rapture. Several cracks initiate (< 150 µm) at the contact area at 
angle of 41 ± 5 ° relative to the contact, however, only one dominant crack 
propagates and causes total fracture. The dominant crack always initiated at 
the side of applied fatigue force – named as the leading edge.  
 
The first tested fretting fatigue palliative, altering the surface topography, did 
not significantly influence the lifetime. The palliative mechanism is based on 
cavities at the surface that evacuate fretting particles from the contact, 
decreasing third body abrasion and high contact stresses. Hence less 
damage and a higher lifetime are claimed. Fifteen experiments are 
performed on two sets of cavity patterns: a point pattern and a line pattern. 
The patterns are applied with the same laser with equal settings. Although 
the pattern is different, the main cavity parameters are similar: depth of 
~ 7.5 µm; height of ~ 1.4 µm and diameter / width of ~ 123 µm. After the 
experiments, the macroscopic observations in the contact area are similar to 
the experiments with the virgin surface. Four damage areas are identified. 
The first and the third area, where local slip occurs, are observed by the 
presence of fretting debris. The debris layer is uniform and similar in 
appearance compared to the virgin experiments. Fretting debris particles are 
also observed in the cavities but not more than elsewhere in the same area. 
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The theoretical assumption that fretting debris would evacuate from the 
contact is not experimentally observed. In case of the line pattern, the 
geometry acts as a stress concentration, all dominant cracks initiate and 
propagate along the lasered line. At the tested higher stress levels, this leads 
to a significant lifetime reduction. In case of the point pattern, no significant 
change in lifetime is observed compared to the virgin samples. 
 
The second tested fretting fatigue palliative, introducing residual compressive 
stresses at the surface, has a significantly beneficial effect on the total 
lifetime. The palliative mechanism is based on the reduction of the total 
stress state at the surface where a fretting fatigue crack typically initiates. A 
residual compressive stress is applied by deep rolling the specimens. The 
process and achieved residual stress profile is given in previous chapters. 
Sixteen fretting fatigue experiments are performed on specimens with 
residual compressive stress at the surface. Six specimens are deep rolled 
with flat rollers leading to a smooth specimen surface finish. Ten specimens 
are deep rolled with textured rollers, resulting in a textured specimen surface 
finish. After testing, the macroscopic observations are similar as previously 
listed. Four damage areas are identified. The sizes of the areas are in line 
with previous experiments. Also, fretting debris is found in the first and third 
area with a similar appearance. The dominant fretting fatigue crack too 
initiates at the leading edge, and at similar angles. Summarized, no 
remarkable changes in microscopic or macroscopic appearance are 
observed. A notable and significant difference is found in the measured high 
cycle fatigue lifetime. The deep rolled specimens (smooth and textured) have 
a higher lifetime compared to the virgin specimens. The degree of 
improvement with the latter increases with increasing number of cycles to 
failure. At the lowest applied fatigue stress (σmax = 115 MPa) is the 
improvement more than a factor 2.7. At one million cycles the maximum 
allowable stress is 25 % higher. 
 
The set of experiments where both palliatives are combined confirms the 
previously observed findings. Ten specimens are deep rolled with textured 
rollers introducing a surface with a modified surface topography and a 
residual compressive stress near the surface. Again, the post mortem 
contact area can be divided in four distinct areas. The first and the third area 
reveal fretting debris uniformly distributed over the areas. No accumulation of 
the debris particles could be observed in the cavities. The influence of the 
deep rolled texture yields no significant influence on the lifetime compared to 
the only deep rolled experiments.  
 
For the tested range of coupon scale fretting fatigue experiments, altering the 
tested surface topography thus not affect the lifetime. The palliative 
mechanism of evacuating particles from the contact is not experimentally 
observed. The low mobility of the fretting debris particles is a key reason. 
The particles are moved due to the local relative displacement which is at 
maximum 1 µm, but mostly less. In addition, the slip is alternately in opposite 
direction. The displacement of a particle in one direction is hereby countered 
by an opposite displacement in the same order of magnitude. The total 
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displacement of one particle during one cycle cannot be calculated from this, 
nor is it experimentally measured. However, it is obvious that the absolute 
displacement of a particle during one cycle is very limited. Integrated over 
the entire duration of the experiment it is seen that the resulting displacement 
of the particles is less than the distance between the cavities. In case of the 
point pattern, the minimum distance between two cavities is 226 µm, for the 
line pattern is this 280 µm. It is concluded that the palliative mechanisms is 
not effective for the fretting fatigue phenomenon. 
 
For the tested range of coupon scale fretting fatigue experiments, introducing 
residual compressive stresses at the surface significantly increases the 
lifetime. The palliative mechanism of lowering the high tensile stresses 
coming from fretting fatigue loading is effective. Optimising the residual 
compressive stress profile is beyond the scope of this work but might further 
improve the fretting fatigue lifetime. 
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1 Goal 
 
This chapter presents the experimental work on a full scale fretting fatigue 
application, a double bolted lap joint. Similar to the previous chapter on 
coupon scale experiments, the research focuses on the efficiency of two 
palliatives: altering surface topography and introducing residual compressive 
stresses. Twenty-one experiments are performed on four configurations: a 
virgin surface, a laser textured surface, a deep rolled surface and a deep 
rolled textured surface. The failure behaviour of the different configurations of 
double bolted lap joints is studied on macroscopic and microscopic level. The 
efficiency of the palliatives is based on the number of cycles to complete 
failure of the joints compared to the virgin configuration. 
 
2 Introduction 
 
Bolted lap joints are a demountable mechanical connection technique. This 
connection technique is commonly seen in constructions such as airplanes, 
trains, cranes etc. The connection is created by connecting two or more 
plates to each other with one or more bolts. In what follows, we will only 
discuss bolted lap joints with one prestressed bolt. This means that the force 
transmission occurs by friction between the plates. 
 
Research on bolted lap joints regularly concerns fatigue and in particularly 
fretting fatigue [5, 6]. When a bolted lap joint is subjected to a dynamic load, 
it is plausible that fretting (and fretting fatigue) will occur. In a lap joint two (or 
more) plates are in contact with each other. The two mating plates however, 
are not in every place subjected to equal stresses and strains. The 
deformation mismatch between neighbouring plates causes a small relative 
displacement between the plates and gives rise to fretting and/or fretting 
fatigue. 
 
In this section a ‘double bolted lap joint’ configuration is used i.e. a 
connection where three plates are symmetrically bolted together with one 
bolt, see chapter 3, section 4.1. Two loading conditions were studied: one 
experiment with static tensile loading condition and the other experiments in 
dynamic loading conditions. Fatigue experiments are performed with four 
different surface topographies: virgin surface, laser textured surface with a 
line pattern, deep rolled surface and deep rolled surface with a point pattern. 
 
3 Bolt force 
 
The double bolted lap joint is bolted together with a torque wrench set at 
25 Nm. The obtained bolt force is measured with a loadcell. The resulting 
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bolt forces are not all equal due to accumulated scatter of the torque wrench, 
the coefficient of friction at the thread, coefficient of friction between bolt and 
plate and the operator handling. The resulting bolt force varies between 
9.75 kN and 17.19 kN, see Table 6.1, page 167. The bolt forces occurrence 
exhibits a fairly Gaussian distribution as shown in Figure 6.1. The average 
bolt force is 12.3 kN with a standard deviation of 1.8 kN. 
 
 
 
Figure 6.1. Variation in bolt force. 
 
4 Virgin surface 
4.1 Tensile experiment 
 
The tensile experiment is performed on a double bolted lap joint 
configuration as described in chapter 3, section 4.1. The geometry of the 
plates is given in figure 4.3. The surface condition is ground and unmodified 
(virgin) with a surface roughness Ra of 0.25 µm. The used aluminium alloy 
2024 T3 is characterised in chapter 4, section 3. The three plates are bolted 
to each other with a torque wrench at a torque of 25 Nm. The resulting force 
in the bolt is measured with the washer load cell and gives a value of 
11.5 kN. 
 
The measured force in the lap joint and the bolt is shown in Figure 6.2. The 
applied force gradually increases with time until the force reaches ~ 12 kN. 
At that force there is a notable increase in the slope, the lap joint starts 
sliding and creates contact between the bolt shank and the hole. Further 
loading is monotonic until the connection fails at a load of 27.09 kN. 
 
The bolt force decreases globally during the experiment from 11.5 kN until it 
reaches a value of 9.17 kN. The reduction in bolt force is due to deformation 
of the aluminium plates and elastic deformation of the bolt and compressed 
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parts. Deformation of the aluminium plates along the bolt direction is 
because of Poisson contraction and roughness peak interlocking due to slip. 
This thickness reduction is partly counteracted due to elastic expansion of 
the compressed parts. 
 
The static coefficient of friction between the aluminium plates in the lap joint 
configuration is determined by dividing the tangential and normal force at the 
onset of gross sliding cf. Coulomb friction. The static coefficient of friction is 
calculated as ~ 0.52. 
 
 
 
Figure 6.2. Measured forces during tensile test on double bolted lap joint. 
 
The double bolted lap joint failed in the shear-out failure mode, see Figure 
6.3. The middle plate failed while the two side plates are more or less intact 
and still hold the bolt in position. The side plates are shown in Figure 6.3 A 
and B and show abrasion marks above the holes. The middle plate failed by 
ductile shearing of the material above the hole, Figure 6.3 C. The middle 
plate shows few abrasion marks. The sheared fracture surface of the torn 
piece is shown in Figure 6.3 D. 
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Figure 6.3. Double bolted lap joint specimens after tensile failure.  
A & B: side plate specimens, C: middle specimen and D: fracture surface. 
 
4.2 Fatigue test 
 
Six fatigue experiments (see Table 6.1, page 167) are performed on double 
bolted lap joints with an identical geometry and surface finish as used for the 
tensile experiment. The test procedure is of course different and is 
elaborated in chapter 3, section 4.2. The applied forces (bolt and fatigue) are 
chosen so that fretting fatigue is more likely to happen than other failure 
modes e.g. bearing failure, shear out failure, bolt failure or fatigue initiated at 
the hole [6.1]. The selection of the forces was based on literature and finite 
element simulations [6.2]. The fatigue loading has a frequency of 10 Hz, a 
force ratio of 0.1 and maximum forces of 9, 14, 17, 20 and 22 kN, 
respectively corresponding to maximum bulk stresses of 56.25 MPa, 
87.5 MPa, 106.25 MPa, 125 MPa and 137.5 MPa. The bold force is imposed 
by means of a measured torque of 25 Nm. An applied constant torque is 
chosen over an applied constant force since in actual assemblage 
environments this is the best common practice. The bolt force varies hereby 
between 10.7 kN and 14.3 kN. 
 
A representative failed double bolted lap joint is shown in Figure 6.4 to 
Figure 6.7. The front and backside of the two side plates are shown in Figure 
6.4 A, B, E and F. The areas where the washers (Figure 6.5) made contact 
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with the plates (Area 2) reveal slight surface modifications in an annulus 
around the hole. The surface modification is plastic deformation of asperities 
as a result of the normal pressure between the plate and the washer. The 
inner diameter of the damage annulus measures ~ 9.6 mm, the outer 
diameter ~ 11.6 mm. The inner diameter of a standard DIN125 M8 washer is 
maximum 8.6 mm and the outer diameter should be smaller than 16 mm. 
The diameters of the flat part under the ISO 4762 bolt head vary between 
9.2 mm and 13 mm. The annulus of damage does not correspond with any of 
these diameters. The damage is thus not purely geometrically determined 
but also depends on the relative stiffness of the assembly. 
 
The side of the outer plates that made contact with the middle plate are 
shown in Figure 6.4B and E. The results of fretting are clearly visible. The 
damage area around the hole can be divided in four concentric areas. In the 
first area no contact occurred. In the second area, the plates are sticking to 
each other and in the third area the plates are sliding; indicating mixed stick 
slip contact conditions i.e. fretting. In the fourth area damage occurs as a 
result of the failing connection. 
 
The first area around the hole still shows the original ground surface. The 
circular area is positioned asymmetrically around the hole and coincides with 
the hole at the bottom side. The outer diameter of this area is ~ 9.1 mm 
which is similar to the untouched area at the opposite side of the plate. In this 
area there was none or insufficient normal pressure to deform asperities and 
cause surface modifications. The asymmetry of the circle validates the fact 
that the connection slipped (during its first loading cycle) until the bolt shank 
and the hole made contact. The latter phenomenon is only observed when 
the axial force was higher than two times the normal force multiplied by the 
coefficient of friction. In the performed set of experiments this never happens 
for the lowest axial force of 9 kN. The maximum axial load of 14 kN 
sometimes (3 / 7) leads to slip in the contact. The higher axial loads all result 
in initial slip in the contact. 
 
The second area reveals surface modifications but no accumulation of debris 
particles. The annular area is concentric with respect to the first untouched 
area. The inner diameter of the annulus is ~ 9.1 mm and the outer diameter 
is ~ 14.4 mm. The surface topography in the second area is different for the 
connection loaded at 9 kN compared to all the other connections. The 
connection tested at a fatigue load of 9 kN did not fail while all the other 
connections failed. The intact connection reveals only some minor surface 
modifications in the second area, identical to the topography described at the 
other side of the plate touching the washer. All the other connections, which 
failed, show short abrasion marks in circumferential direction in the second 
area. The second area is clearly an area with contact between the plates in 
which the normal pressure is sufficient to plastically deform asperities. During 
dynamic loading there is no macroscopic slip between the plates. Only at 
failure of the connection there is a substantial relative displacement between 
the plates in the second area. The relative displacement is due to the 
(mostly) unsymmetrical failure of the middle plate. The remaining part in the 
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connection is thereby asymmetrically loaded and causes a small rotation 
around the bolt. Post mortem this angle was measured as 2° ± 1°. This small 
relative rotation of the two plates causes the circumferential abrasion marks 
observed in the failed connections. The lengths of the abrasion marks are 
linearly proportional with the distance to the centre of the bolt. In Figure 6.4 
are the abrasion marks at the inner circle of area two 280 ± 20 µm, at the 
outer circle of area two 320 ± 20 µm. 
 
 
 
Figure 6.4. Double bolted lap joint specimens after fretting fatigue failure.  
A, B, E and F: side plate specimens. C and D: middle specimen. 
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Figure 6.5. Washers of a double bolted lap joint experiment after failure. 
The third zone is characterised by the presence of aluminium debris, seen as 
a black area. The area is connected to the second area but is not circular. At 
the side of the applied fatigue load (top side in Figure 6.4 A, B, E and F) the 
black area is the widest. The black area becomes thinner towards the 
opposite side. In this area aluminium fretting debris are created by slip 
between two contacting plates. The amount of fretting debris depends on the 
slip amplitude and the normal contact pressure. The normal pressure 
distribution created by the bolt is axisymmetric and decreases with 
increasing radial distance from the hole. The amount of slip is the result of a 
different strain (and consequently displacement) in neighbouring plates. The 
area above the hole of a side plate (Figure 6.4 B and E) is not loaded and 
not strained. In contrast, the area above the hole in the middle plate (Figure 
6.4 C and D) is most loaded and strained. The loading difference causes the 
highest relative displacement and the highest fretting debris generation. The 
fretting debris generation declines with decreasing slip amplitude and 
decreasing normal pressure. 
 
The fourth and last area is subsequent damage due to failure of the 
connection. The area is positioned above the third area in Figure 6.4 B and is 
characterised by deep abrasion marks. All the failed connections display this 
damage while the connection that didn’t fail does not show this damage. The 
abrasion marks originate on the moment that the connection fails and the 
major part of the middle plate slips (gross sliding) out of the connection. The 
abrasion marks are caused by two body abrasion between the aluminium 
plates and by three body abrasion where the aluminium debris act as the 
third body. 
 
The middle plate displays several types of damage and causes in fact the 
failure of the double bolted lap joint. An example of a damaged and failed 
middle plate is shown in Figure 6.4 C and D. The topographic damage 
observable on the middle plate is identical to the damage described above 
for the side plates cf. four areas of damage. However, the main difference 
between the middle plate and the side plate is the fatigue failure of the plate. 
The middle plate is separated in two parts. The crack (4 x 40 mm²) runs 
completely through the aluminium plate but does not go through the hole, 
passing it by the side where the force is applied. The crack initiated at the 
transition of the second to the third area, i.e. the transition from the stick area 
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to the slipping area. Several cracks initiated at different locations (Figure 6.6) 
and agglomerated until one fatigue crack starts to propagate through the 
plate. The propagating crack commonly grows more along the mid plane 
than towards the sides, as seen in Figure 6.6 at the left hand side of the 
fatigue crack. Next to the propagated fatigue crack are two areas with a 
typical tensile fracture surface. 
 
 
 
Figure 6.6. Fracture surface after fretting fatigue failure. 
 
The steel bolt and washers show minor damage in the form of superficial 
surface changes. All three washers (Figure 6.5) show at both sides minor 
surface changes. The damage mechanism is asperity deformation as also 
featured in the aluminium plates. However, the changes at the steel washer’s 
surface are less noticeable compared to the surface changes observed at 
the aluminium plates. Though the same normal pressure occurred, the steel 
asperities deform less than the aluminium because of the higher yield 
strength. 
 
The steel bolt of a failed connection displays four locations with negligible 
surface changes. One location is underneath the bolt head and three 
locations on the bolt shank. All the tested specimens revealed damage 
underneath the bolt head. The bolt shank damage arose due to contact with 
the aluminium plates. All the failed joints showed this damage on the bolt 
shank, in contrast, the joint that remained intact did not reveal this damage. 
This is logical because the non-failed connection didn’t slip and never had 
contact between the bolt shank and the aluminium plates. 
 
 
 
Figure 6.7. Bolt of a double bolted lap joint experiment after failure. 
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The applied maximum fatigue force is reflected in the damage pattern, see 
Figure 6.8. The higher the maximum applied force, the more fretting debris is 
observed. This is as expected since the amount of debris generation is 
directly related to the slip amplitude which in turn is dependent on the 
deformation, strain, stress and force. Also the area ratio of fatigue crack to 
tensile fracture increases with increasing maximum fatigue load. All the other 
properties of the damage pattern (four damage areas, size of the damage 
areas, location of crack initiation, etc.) remain within the scatter. 
 
 
 
Figure 6.8. Post mortem surface damage pattern in side-plate specimens. 
 
5 Modified surface topography 
 
Four fretting fatigue experiments are performed on double bolted lap joints of 
which the middle plates are laser textured with a line pattern. The global 
specimen geometry and test procedure are identical to the virgin surfaced 
fatigue experiments (see section 4.2). The lap joints are bolted together with 
a torque wrench at 25 Nm which gives bolt forces varying from 9.75 kN to 
13.47 kN. 
 
The damage pattern at the bolt and the washers are identical to the damage 
pattern as seen at the virgin surface specimens. The damage pattern at the 
aluminium plates is partially different. The side plates reveal the same four 
areas of damage. Nevertheless, there is a difference in the third area where 
the plates locally slip and fretting debris is accumulated. The fretting debris 
areas are not uniformly covered with debris but clearly show the line pattern, 
see Figure 6.9. However, in areas with larger amounts of debris the line 
pattern is not observable. 
 
The laser textured middle plates also show the four areas of damage. In the 
third area of local slip and debris accumulation a difference is seen, see 
Figure 6.9. In areas of little debris generation the line pattern is still visible. 
Debris particles have fallen in the line cavities. However, the non-ablated 
areas between the line cavities (~ 70 %) are mostly covered with debris 
particles. In the areas of much debris generation the line pattern is no longer 
visible but is covered with a layer of debris particles. 
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Figure 6.9. Post mortem view of two specimens of a laser textured joint. 
 
The failure of the middle plate specimen is in three of the four experiments 
identical to the fatigue failure behaviour of the virgin plates. Multiple fretting 
initiated cracks start at the transition of the stick and slip zone at the side 
where the fatigue force is applied. At the lowest load of 14 kN the crack runs 
through the hole, although, the cracks clearly initiated above the hole. At the 
highest load of 22 kN the failure behaviour is different, see Figure 6.10 left. 
The decisive fatigue cracks initiated at both sides of the hole. A small fatigue 
crack was also detected at the edge of the specimen at the middle below the 
hole. A fourth crack ( ~ 3 mm) is identified at the location where fretting 
fatigue cracks are formed. This failure behaviour is due to the combination of 
a high maximum force, 22 kN, and a relatively low initial bolt force of 9.75 kN. 
As a result, a part of the fatigue force is transmitted through the bolt and a 
part is transmitted through friction. The obtained number of cycles to failure 
is 126833. If the connection did not fail due to plain fatigue, it would have 
been failed due to fretting fatigue since a fretting fatigue crack is already 
observable. The number of cycles to a fretting fatigue failure would have not 
been much more given the size of the crack at the ‘fretting fatigue crack’ 
location. 
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Figure 6.10. Post mortem view of some laser textured middle plate 
specimens. 
6 Residual compressive stresses 
 
Six fretting fatigue experiments are performed on double bolted lap joints of 
which the middle plates are deep rolled without additional surface texture. 
The global specimen geometry and test procedure are identical to the virgin 
surfaced experiments (see section 4.2). The lap joints are bolted together 
with a torque wrench at 25 Nm which gives bolt forces varying from 9.81 kN 
to 15.02 kN. 
 
The failure behaviour of the deep rolled specimens is similar to the virgin 
specimens. The only difference is observed in the third area of local slip and 
debris accumulation. The total amount of black surface i.e. amount of 
aluminium debris, is smaller compared to the virgin specimens and the laser 
textured specimens. In some specimens a narrow elongated area of fretting 
debris can be observed at the transition from 2x deep rolled to 1x deep 
rolled, see Figure 6.11. The occasional very slight thickness difference 
between the one and two times deep rolled areas lead to local contact and 
debris generation. 
 
The fretting fatigue crack process is identical to the crack process of virgin 
specimens. For clarification, a crack never initiates only at the transition from 
the one to the two times rolled area. In only one of the six loading conditions 
one of the multiple cracks initiated from that transition location. 
 
 
 
Figure 6.11. Post mortem view of some deep rolled middle plate specimens. 
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7 Combination of topography and residual 
compressive stresses 
 
Four fretting fatigue experiments are performed on double bolted lap joints of 
which the middle plates are deep rolled with an additional point pattern. The 
global specimen geometry and test procedure are identical to the virgin 
surfaced fatigue experiments (see section 4.2). The lap joints are bolted 
together with a torque wrench at 25 Nm which gives bolt forces varying from 
10.48 kN to 17.19 kN. 
 
The failure behaviour of the deep rolled textured specimens is again similar 
to all previous experiments. The only difference is detected in the third area 
of local slip and debris accumulation. The total amount of black surfaces i.e. 
the amount of aluminium debris, is in general less compared to the virgin and 
laser textured specimens. At the side plates the point pattern is visible in the 
areas of little debris. The areas with more debris do not show this point 
pattern. At the middle plate and in the area with little debris the point pattern 
is still visible. The area in between the cavities (~ 80 %) is almost completely 
filled with aluminium debris particles. At the middle plate and in the area with 
more debris (in total a rather small area) the point pattern is not visible 
anymore. 
 
The failure behaviour of the middle plates is similar to the failure behaviour of 
the virgin plates. At the lowest fatigue load (Figure 6.12 right), the crack goes 
through the hole. However, the fretting fatigue crack initiated at multiple 
locations at the transition from the stick to the sliding zone. 
 
 
 
Figure 6.12. Post mortem view of some deep rolled textured specimens. 
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8 Lifetime comparison 
 
Twenty fretting fatigue experiments have been performed on double bolted 
lap joints in the high cycle fatigue area (105 to 5·106). The global specimen 
geometry and the experimental procedure were similar for all the tests. The 
only difference was that four surface treatments were locally applied on the 
specimens’ middle plate in the vicinity of the hole. The failure behaviour of 19 
of the 20 experiments was evident fretting fatigue and one failed due to neat 
fatigue. 
 
Figure 6.13 shows the data points and the ~ 68 % confidentiality interval for 
four different surface textures. Two experiments reached five million cycles 
without failure. Three experiments were repeated once and gave an average 
spread in lifetime of 22 % which is reasonable for fatigue experiments [6.3]. 
 
 
 
Figure 6.13. Stress-life curve of double bolted lap joints with different surface 
textures. 
 
Compared to the virgin connection, the laser textured connection gives poor 
results. At global stresses higher than ~ 115 MPa there is a significant 
reduction in lifetime, below this limit there is no significant difference between 
both. Compared to the virgin connection, the deep rolled specimens give 
improved results. At more than ~ 650000 cycles there is a significant 
improvement in lifetime. The difference between the deep rolled connection 
and the deep rolled connection with addition point pattern is not significantly 
quantifiable in the tested range. At the lifetime of one million cycles, the 
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lifetime improvement of the smooth and textured deep rolled specimen is a 
factor 3.1 compared to the virgin specimens. At one million cycles the 
maximum allowable stress is 23 % higher. At five million cycles the maximum 
allowable stress is 48 % higher. 
 
Table 6.1. Parameters and results of the double bolted lap joint experiments. 
 
Specimen  
Max 
force 
[kN] 
Max 
stress 
[MPa] 
Bolt 
torque 
[Nm] 
Bolt 
force  
[kN] 
Lifetime 
[-] 
Remark 
Virgin 1 27.09 175 25 11.48 - 
static 
failure 
Virgin 2 22 137.5 25 14.28 217688 
 
Virgin 3 20 125 25 12.25 504000 
 
Virgin 4 17 106.25 25 10.70 924851 
 
Virgin 5 14 87.5 25 11.72 1234161 
 
Virgin 6 14 87.5 25 14.53 1144712 
 
Virgin 7 9 56.3 25 11.48 5000000 not failed 
Laser 
texture 1 
22 137.5 25 9.75 126833 
failed due 
to neat 
fatigue 
Laser 
texture 2 
20 125 25 11.55 196002 
 
Laser 
texture 3 
17 106.3 25 11.65 558726 
 
Laser 
texture 4 
14 87.5 25 13.47 899849 
 
Deep  
rolled 1 
22 137.5 25 11.81 340282 
 
Deep  
rolled 2 
20 125 25 13.08 675912 
 
Deep 
rolled 3 
20 125 25 11.48 656467 
 
Deep  
rolled 4 
17 106.3 25 9.81 1159530 
 
Deep  
rolled 5 
14 87.5 25 15.02 2273326 
 
Deep  
rolled 6 
14 87.5 25 11.59 5000000 not failed 
Deep rolled 
texture 1 
22 137.5 25 17.19 410638 
 
Deep rolled 
texture 2 
20 125 25 12.70 729727 
 
Deep rolled 
texture 3 
17 106.3 25 12.36 2360285 
 
Deep rolled 
texture 4 
14 87.5 25 10.48 4735983 
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9 Summary and conclusions 
 
This paragraph presents the performed experimental work on double bolted 
lap joints. One static and twenty dynamic experiments are performed. The 
static test fails in the ‘shear-out’ mode which is different to the dynamic tests 
that fail in the fatigue and fretting fatigue mode. The focus of the test matrix 
is clearly on dynamic testing, where the functioning of two palliatives is 
studied. The dynamic tests are divided in four sets based on the received 
palliative treatment: no treatment, altering the surface topography, 
introducing residual compressive stresses, and the combination of the latter 
two. 
 
The full scale experiments performed on virgin specimens i.e. without 
surface treatment are used as a baseline to compare the other experiments. 
Six experiments are conducted with different dynamic loads (9 to 22 kN) to 
obtain number of cycles to failure in the high cycle fatigue region (up to 
5 x 106). The remaining parameters are kept constant for all the following 
experiments. At the lowest load, the joint withstands 5 x 106 cycles without 
failure. The other five joints failed due to fretting fatigue. Fretting fatigue 
damage is evident and peculiar to the application. At the contact between the 
aluminium plates is the main surface damage observed. Two zones are 
identified, one inner annulus with minor surface changes and one outer 
annulus with surface damage and a deposition of fretting debris, respectively 
a sticking zone and a local sliding zone. The quantity of fretting debris 
increases with increasing maximum fatigue force. Higher fatigue force leads 
to a larger slipping zone and higher slip amplitudes and hence a higher 
amount of fretting debris. Fracture of the joints occurs always as a fracture of 
the middle plate, at the side of applied load and at the transition of the 
sticking to sliding region. In fact several small cracks initiate in this zone that 
conglomerate to one dominant crack. The dominant crack grows 
perpendicular to the fatigue force until ductile failure. The contacts between 
plate-washer, washer-bolt and bolt-plate reveal no noteworthy surface 
damage. 
 
The first tested fretting fatigue palliative, altering the surface topography, did 
not significantly influence the lifetime. The palliative mechanism is based on 
cavities at the surface that evacuate fretting particles from the contact. 
Decreasing third body abrasion and high contact stresses. Hence less 
damage and a higher lifetime are claimed. Four experiments are performed. 
One experiment failed due to plain fatigue although a fairly large fretting 
fatigue crack was already been formed. The other joints failed due to only 
fretting fatigue. The failure mode is similar to the virgin specimens except to 
one important detail. In the area where relative displacement occurs, a 
fretting debris layer is seen which is not uniform. The line pattern is partially 
visible in the debris layer indicating that the debris particles are partially not 
embedded. The relative area where debris particles are evacuated is very 
limited and surrounded by areas of uniform debris. Even worse, at higher 
169 
maximum fatigue forces, this effect is not visible anymore and the debris 
layer becomes uniform as observed at the virgin specimens. The theoretical 
assumption that the debris are evacuated from the contact is only partially 
observed. The palliative effect is not enough to significantly influence the 
failure behaviour or the fretting fatigue lifetime. 
 
The second tested fretting fatigue palliative, introducing residual compressive 
stresses at the surface, has a significantly beneficial effect on the total 
lifetime. The palliative mechanism is based on the reduction of the total 
stress state at the surface where a fretting fatigue crack typically initiates. 
Ten experiments are performed on specimens with a residual compressive 
stress near the surface. Six specimens are deep rolled with flat rollers 
leading to a smooth specimen surface finish. Four specimens are deep rolled 
with textured rollers, resulting in a textured specimen surface finish. After 
testing, the damage features are similar as seen in the virgin specimens. In 
case of the deep rolled texture, no clear redistribution of the debris particles 
is observed. All deep rolled specimens (smooth and textured) have a higher 
lifetime compared to the virgin specimens. The lifetime between the smooth 
and the textured deep rolled specimens is not significantly different. At the 
lifetime of one million cycles, the lifetime improvement of the smooth and 
textured deep rolled specimen is a factor 3.1 compared to the virgin 
specimens. At lower numbers of cycle to failure, the improvement is not so 
pronounced or even no longer significant. 
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1 Digital Image Correlation 
1.1 Goal 
 
The goal of this section is to compare different slip measurement techniques 
to measure / calculate slip in a coupon scale fretting fatigue contact. 
Knowledge of slip is important to evaluate the contact regime (no slip, mixed 
stick slip, gross sliding) and deriving therefrom the tangential contact 
stiffness. The latter parameter affects the vibrational response of a frictional 
joint e.g. double bolted lap joint, and the structural integrity of an assembly 
including a frictional joint e.g. airplane stringers. To measure slip, three 
techniques are compared: the conventional clip gauge, the Wittkowsky slip 
calculation and the novel digital image correlation technique. 
 
1.2 Experimental setup 
 
The goal of the experiment is to measure the coefficient of friction and the 
slip (and its derivatives such as tangential contact stiffness) during a fretting 
fatigue experiment. Since a fretting fatigue experiment operates in the mixed 
stick slip condition, it is impossible to measure the coefficient of friction which 
requires gross sliding contact conditions. The coefficient of friction will be 
measured at a discrete number of times by overloading the contact i.e. the 
contact conditions will be forced into gross sliding conditions. Overloading 
the fatigue force is a common technique in fretting fatigue research to 
compel the contact in gross sliding rather than mixed stick slip. Two methods 
of overloading are used in literature: monotonic overloading [7.1] and cyclic 
overloading [7.2]. Besides the different overloading methods, multiple criteria 
are used to define the transition of mixed stick slip to gross sliding [7.1-3]. 
 
The experiment described in this section proceeds differently compared to 
the ordinary fretting fatigue experiments. The experiment is executed on the 
fretting fatigue test rig to which two additional measurement techniques are 
applied. First a clip gauge is installed to measure the slip between the 
specimen and the right hand pad, see Figure 7.2. Second, the DIC 
measurement setup is installed to measure the displacement field around the 
contact, see Figure 3.23. 
 
Besides the additional sensors is also the test procedure different. The 
applied normal force FN remains at 543 N during the entire experiment. 
However, the fatigue force has two amplitudes and frequencies, see  
Figure 7.1. Most fatigue cycles are conducted with a constant range (0.88 to 
8.8 kN) and a test frequency of 10 Hz. However, four cycles (cycle 1, 10, 100 
and 1000) are loaded differently. The fatigue force varies sinusoidal between 
1 and 10 kN at a frequency of 0.016 Hz. The higher fatigue force is needed 
to generate gross sliding conditions while the lower frequency is needed for 
the DIC measurements.  
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Figure 7.1. Applied fatigue force sequence in function of time 
 
1.3 Wittkowsky slip calculation 
 
Slip in the contact between the pad and the specimen is traditionally 
measured with a clip gauge (or other accurate differential displacement 
sensor). In case of accurate small slip measurements the points of 
engagement are very important. If the engagement points of the sensor are 
remote to the contact, the sensor will measure a considerable amount of 
elastic deformation. The measured slip is than no longer equal to the slip in 
the contact. However, the amount of elastic deformation in the clip gauge 
measurement can be minimised. Wittkowsky et al. developed an analytical 
method to minimise the influence of elastic deformations in the clip gauge 
measurement [7.4]. The original method is valid for point contacts but is 
adapted so that it is valid for line contacts, equations (7.1) to (7.4). 
 
The clip gauge measures the relative displacement between points B and C’ 
(Figure 7.2, δcg). To calculate the slip in the contact point, one should take 
into account the elastic deformations of the specimen (δAB), the pad (δDC) 
and the contact (δcontact). The slip δslip in the contact point is then calculated 
using equations (7.1) to (7.4). The value WIT in equation (7.4) is a constant 
related to the compliance and is calculated according to the Wittkowsky 
calibration method [7.4]. 
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Figure 7.2. Left: experimental setup. Right: schematic view with locations 
used for the slip calculation. 
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1.4 Specimen preparation 
 
An adequate speckle pattern is painted on the specimens to enable a DIC 
analysis. The speckle pattern is applied at one side of the specimens and 
only in the vicinity of the contact, at the opposite side of the clip gauge 
measurement, see Figure 7.3. A detailed view of the speckle pattern is 
shown in Figure 7.3. The proportion of black to white area is ~ 44.5 %, which 
gives enough black speckles to perform a DIC analysis. The black speckles 
have a size of 2.96 ± 1.45 pixels (~ 37.06 ± 18.20 µm) which is satisfactory 
for a DIC analysis [7.5]. 
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Figure 7.3. Fretting fatigue specimen with a speckle pattern applied.  
Left: overall view. Right: detailed view. 
 
1.5 DIC validation experiment 
 
To gain confidence in the two displacement measurement techniques (clip 
gauge and DIC) a validation experiment was performed to compare these to 
the calibrated LVDT signal of the main hydraulic actuator. A half dogbone 
specimen only gripped at the upper clamp was translated without interaction 
of external loads (e.g. pads). This gives rise to a rigid body movement of the 
specimen. 
 
The specimen was sinusoidal displaced with peak to peak amplitude of 
0.50 mm at a frequency of 0.016 Hz. The vertical displacements during two 
cycles measured with three different systems are depicted in Figure 7.4 and 
show an excellent agreement. The difference in measurement frequency is 
also apparent in Figure 7.4. The LVDT and clip gauge measure 
approximately 64000 points per cycle, while the DIC system measures only 
~ 60 points per cycle. Note that the time between subsequent measurements 
with the DIC camera was not uniform. This is a characteristic of the DIC 
measurement system which is not troublesome or disadvantageous for a 
quasi-static experiment (~ 0.016 Hz). 
 
The accuracy of the LVDT measurement is 0,01 mm, the accuracy of the clip 
gauge measurement is 0,004 mm. The maximum difference between the 
DIC measurement and the LVDT is 0,012 mm which is in the order of 
magnitude of the accuracy of the LVDT accuracy. The maximum difference 
between the DIC measurement and the clip gauge measurement is 
0,005 mm which is also in the order of magnitude of the accuracy of the clip 
gauge accuracy. 
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Figure 7.4. Displacement measurement with 3 independent systems. 
 
The DIC analysis of the calibration experiment was examined in an area of 
~ 8.5 x 8.5 mm2. Figure 7.5 illustrates the vertical displacement contour plot 
on top of the speckled surface of the half dogbone specimen. Since a rigid 
body displacement of 25 mm was applied to the specimen, a uniform 
displacement field is expected. However, the obtained vertical displacement 
field was not perfectly uniform but rather randomly distributed, as seen in 
Figure 7.5. A difference of 0.52 µm was observed between the minimum and 
maximum measured vertical displacement. This difference is attributed to the 
quality of the speckle pattern, the DIC hardware and the software and is 
therefore defined as the accuracy of the entire DIC system. Consequently, 
the vertical displacement corresponding to every single image was 
calculated as the average of the entire examined area of that frame. 
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Figure 7.5. Vertical displacement field in µm during the calibration 
measurement. 
 
1.6 Specimens alignment 
 
The coordinates of every point on the speckled surfaces can be measured in 
the three dimensional space. In that way, the position of each surface is 
known in space. From this it is possible to calculate the relative position of 
the surfaces (specimens) with respect to each other. Figure 7.6 shows the 
contour of the Z position (normal to the surface) of an installed set of 
specimens. 
 
 
 
Figure 7.6. Z-displacement contour of a coupon scale setup. 
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Figure 7.7 displays the XZ-position of the specimens extracted from the line 
shown in Figure 7.6. The dogbone specimen and the two pads are not 
perfectly aligned with each other. There is an offset in Z –direction between 
the individual specimens and an angular misalignment in the XZ-plane. The 
absolute location of one specimen is calculated by linear interpolation 
through all the data points of that specimen, grey dashed line on Figure 7.7. 
The offset in Z-direction is referred with respect to the dogbone specimen 
and calculated at the interface between the dogbone specimen and one pad, 
 on Figure 7.7. The relative angle, θ, between the dogbone specimen and 
the pad is also referred with respect to the dogbone specimen and is 
calculated as shown in Figure 7.7. The left pad and the dogbone specimen 
are offset by + 44 µm and have a relative angle of + 0° 5’ 30”. The right pad 
and the dogbone specimen are offset by + 53 µm and have a relative angle 
of - 0° 2’ 24”. The measured angular misalignment can be regarded as 
negligible since the post mortem surface damage reveals both times a 
perfect line contact (and no edge contact). The shift of + 44 µm and + 53 µm 
cannot be detected in the observed surface damage and is therefore 
regarded as insignificant for the contact. 
 
 
 
Figure 7.7. Measured absolute position of the specimen and the pads. 
 
1.7 Slip measurement 
 
The measured relative local displacements of the left and the right contact 
are not equal to each other. Figure 7.8 indicates the vertical displacement in 
cycle 1000 just before onset of gross sliding. The vertical displacement of the 
left pad and right pad clearly show a different value: A1 = 0.407 mm and 
A4 = 0.401 mm. The vertical displacement of the specimen was also different 
at the location of contact; A2 = 0.431 mm and A3 = 0.429 mm. The relative 
local displacement at the left contact is thus 24 µm while the relative local 
displacement in the right contact is 28 µm. For every measured relative local 
displacement of cycle 1000 there is a difference between the left and right 
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contact, see Figure 7.9. The difference of the relative local displacement 
amplitudes is maximum (6.3 µm) at the highest fatigue load Ffat = 10 kN. The 
difference in relative local displacement is influenced by two mechanisms 
and there mutual interaction. First, the coefficient of friction will be different 
for both contacts. Despite the equal geometry, material, surface preparation 
and alignment there is a spread on friction coefficients. Secondly, the 
tangential stiffness of the test rig can be slightly different for the left and the 
right contact. This effect is unintentional but a result of tolerances, alignment, 
hysteresis and other mechanical limitations. 
 
 
 
Figure 7.8. Contour plot of vertical displacement (cycle 1000, frame just 
before onset of gross sliding). 
 
Figure 7.9 shows the slip of both contacts and the tangential force in function 
of time for cycle number 1000. During the initial loading stage (time < 27s; 
Ffat < 8.8 kN) the relative local displacements steadily increase from 0 to 
24 µm and 26 µm respectively for the left and right contact. After 27 seconds 
there is a clear transition of the partial slip regime to the gross sliding regime. 
At the transition of slip regime, the relative local displacements jump to 
values of 141 µm and 146 µm. During further overloading up to Ffat = 10 kN 
the relative local displacements rise to maximum values of 157 µm and 
163 µm. 
 
The applied fatigue force and the stiffness ratio of the specimen and springs 
give rise to local slip in the contact. The local slip causes local wear and the 
local slip amplitude sets the local wear scars length. The wear scars and 
asperities of the surfaces are interlocking with one another in a manner 
known as distributed local interactions [7.6]. During the last 899 cycles (from 
cycle 100 up to and including cycle 999) the fatigue force is constant, 8.8 kN, 
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so the local slip amplitude is equal and the wear scar lengths are equal. This 
leads to contacts which are embedded into each other in a specific way. 
During cycle 1000, a higher fatigue force was applied to the specimen, 
leading to higher slip amplitudes. This higher slip exceeds the local wear 
scar length and results in a disruption of the interactions. The asperities of 
the surfaces are not embedded anymore inside the contact. Nonetheless, the 
new contact is made of non-embedded parts. Therefore, the maximum 
transferable tangential force drops and the surfaces slip until force 
equilibrium arises in the compliant system. 
 
 
 
Figure 7.9. Relative local displacements of the left and the right contact. 
 
1.8 Hysteresis loops  
 
Hysteresis loops of tangential force versus slip (Figure 7.10) were obtained 
during overloading of the fretting fatigue dogbone specimen, (cycles 1, 10, 
100 and 1000). The shown hysteresis loops depict the tangential force FT for 
one contact. The slip for the hysteresis loops was measured in three different 
ways: clip gauge, Wittkowsky and DIC for the right contact. As described 
above, the slip measured with the DIC system is based on two averaged 
areas (0.94 x 0.94 mm²) adjacent and symmetrical to the contact. The 
calculated displacements of these areas are lying 0.94 mm apart from each 
other and are symmetrically positioned with respect to the contact. The 
measured cycles were all in gross sliding conditions (reasonably rectangular-
like hysteresis loops) due to overloading of the specimen. The following 
results of the hysteresis loops focus only on the part of the loop where the 
fatigue force increases from 1 to 10 kN. 
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Figure 7.10. Hysteresis loops (Tangential force FT [N] in function of relative 
displacement [mm]) during fretting fatigue experiment. 
 
For cycles 1, 10 and 100, there is a moderate correlation between the 
hysteresis loops obtained by DIC and Wittkowsky calculations, see  
Figure 7.10. The hysteresis loop measured with the clip gauge shows larger 
gross sliding displacements as compared to the other loops. Also, the 
tangential contact stiffness (slope of the hysteresis loops during partial slip 
conditions) is lower when measured with the clip gauge. Both are due to the 
nature of the clip gauge measurement which is remote and measures a 
considerable amount of elastic deformation of the specimens. During gross 
sliding the tangential force FT is very similar for all loops. With an increasing 
number of cycles the tangential force increases while the slip amplitude 
decreases, see Figure 7.11. 
 
During cycle 1000 there is a difference between the hysteresis loop 
measured via DIC and Wittkowsky. The DIC measurement gives lower gross 
sliding amplitude and a higher tangential stiffness. During gross sliding with 
increasing fatigue load one can observe a linear relationship between the 
tangential force and the slip. This relation was measured by the clip gauge 
and is consequently also visible in the Wittkowsky loop. However, the DIC 
system did not allow measuring any data point during this sliding part 
because the interval of gross sliding was less than one second and fell just 
between two consecutive images captured with the DIC cameras. After this 
‘jump’ of gross sliding the specimen was further overloaded causing the slip 
and tangential force to slightly increase. 
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Figure 7.11. Hysteresis loops measured via DIC for cycles 1, 10, 100 and 
1000 
 
The slip at onset of gross sliding measured by means of different 
measurement techniques differ from each other (Table 7.1). Even between 
the left and the right contact there is a quantifiable and significant difference 
measured via DIC. However, the slip calculated via Wittkowsky and the slip 
values obtained via DIC are rather similar when compared to the clip gauge 
measurement. This is attributed to the nature of the clip gauge measurement 
which is remote of the contact while Wittkowsky and DIC are more focused 
on the slip in the contact. 
 
Table 7.1. Slip [µm] at onset of gross sliding (with increasing fatigue load). 
 Cycle 1 Cycle 10 Cycle 100 Cycle 1000 
Clip gauge -334 -166 17 -14 
Wittkowsky -297 -132 -28 -67 
DIC left contact -308 -175 -27 -48 
DIC right contact -278 -167 -28 -47 
 
1.9 Tangential contact stiffness 
 
The tangential contact stiffness is an important parameter that affects the 
structural integrity and the vibrational response of a contact. The tangential 
contact stiffness is calculated from the hysteresis loops as the slope of the 
linear part of the loop during the partial slip regime. The stiffness is obtained 
from the rising slope of the hysteresis loops, i.e. with increasing fatigue load, 
see Figure 7.12. The tangential contact stiffness was calculated by linear 
regression through all data points in the partial slip regime. A linear 
regression through the first four points, as proposed by Kartal et al. [7.7], 
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gives a less representative value of the tangential contact stiffness for the 
obtainable measurement results. 
 
 
 
Figure 7.12. Approximation method of the tangential contact stiffness. 
 
As a function of the number of cycles there is no significant variation in the 
tangential contact stiffness. The tangential contact stiffness measured with 
the clip gauge always shows lower values compared to the other 
measurement techniques (see Figure 7.10). As explained previously, this is 
due to the nature of clip gauge measurements. The tangential contact 
stiffness obtained via Wittkowsky and DIC also vary widely, as tabulated in 
Table 7.2. DIC measurements give a contact stiffness which is about two 
times higher than the stiffness obtained via Wittkowsky. Comparing the 
measured tangential contact stiffness with calculations is hard since 
calculations give asymptotic results. The tangential contact stiffness can be 
calculated in two different ways: analytical and by finite element simulations. 
The analytical solution is an asymptotic approximation that goes to infinity at 
contact [7.8]. A finite element simulation is performed with similar conditions 
as the experiment. Nevertheless, the calculated value is much higher than 
the measured values just as observed by Kartal et al. [7.9]. The latter 
matched the numerical simulation with the measured values by adding a 
compliant elastic layer in the model. Because of the asymptotic behaviour of 
the theoretical solutions these values are not listed in Table 7.2. 
 
Table 7.2. Tangential stiffness [N/mm] measured with different displacement 
measurement techniques. 
Cycle 1 10 100 1000 
Clip gauge 4577 5232 4656 4270 
Wittkowsky 11059 12614 14709 11761 
DIC 18447 21007 21641 22061 
184  Chapter 7. Field measurement techniques 
1.10 Coefficient of friction 
 
The coefficient of friction µ was calculated by dividing the tangential force by 
the normal force at onset of gross sliding, equation (7.5). The values of the 
tangential force at onset of gross sliding are identified as the maximum 
tangential force during one cycle.  
 
T
N onset gross sliding
F
µ
F
  (7.5) 
 
The coefficient of friction is equal for the different hysteresis loops (clip 
gauge, Wittkowsky and DIC) since they are composed from the same 
tangential force FT. The coefficient of friction increases with increasing 
number of cycles (Table 7.3). During the first 100 cycles the coefficient of 
friction increases rapidly. From cycle 100 to cycle 1000 only a small rise can 
be seen, as shown in Figure 7.13 and described in literature [7.10, 11]. 
 
 
Table 7.3. Coefficient of friction at onset of gross sliding. 
Cycle 1 10 100 1000 
Coefficient of friction [-] 0.15 0.39 0.68 0.78 
 
 
 
 
 
Figure 7.13. Coefficient of friction as a function of the number of cycles. 
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1.11 Summary and conclusions 
 
The first part of this chapter describes three experimental techniques to 
measure slip during fretting fatigue experiments. Two traditional experimental 
techniques to measure slip (clip gauge and Wittkowsky) are compared to slip 
measurements performed via digital image correlation (DIC). The latter 
measurement technique measures higher tangential contact stiffness 
compared to the more conventional measurement techniques. Also, the 
obtained slip amplitude at onset of gross sliding is smaller when measured 
with the DIC technique. These results are due to the nature of the DIC 
measurements which measures the local relative displacement very close to 
the contact. In contrast, the clip gauge measures the slip remotely from the 
contact and measures a substantial amount of elastic deformation of the 
surrounding test material. The slip calculation developed by Wittkowsky et al. 
eliminates this elastic deformation; however calibration inaccuracies and 
nonlinear material behaviour still cause an inaccurate slip value. 
 
The digital image correlation technique allows measuring the local relative 
displacement independently for the left and the right contact. The performed 
fretting fatigue measurement gives a difference of more than 10 % between 
the local relative displacement of the left and the right contact. 
 
Measuring the global slip with the DIC setup can be performed closer to the 
contact as compared to the conventional sensors. However, the presented 
field measurement technique can only give one single slip value for the entire 
contact. It is not possible to measure the local slip distribution along the 
contact with the current DIC setup. Local slip distribution measurement will 
be possible with improved hardware and speckle pattern. A higher 
magnification is needed to achieve a smaller spatial resolution. A 75 mm 
macro lens results in a spatial resolution of ~ 4 µm / pixel and gives about 
235 pixels in the contact, which is sufficient to visualise a slip distribution. 
More challenging will be applying the speckle pattern on such a small scale 
and still in a sufficient random manner. This is of the utmost importance to 
achieve an adequate displacement measurement. A perfect speckle pattern 
leads to a slip accuracy of 0.1 µm which is enough to significantly visualise 
the slip distribution in the contact. 
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2 Thermography 
2.1 Goal 
 
This paragraph studies the feasibility of thermography during fretting fatigue 
research. Several thermal phenomena occur simultaneously during fretting 
fatigue: thermo-elastic effect, frictional heating, thermal conduction and 
convection, temperature increase due to plasticity, etc. Distinguishing all 
phenomena and correlating one thermal phenomenon to the right fretting 
fatigue phenomenon is needed. The fretting fatigue phenomena studied are: 
dynamic loading, tangential force measurement, stress field visualisation and 
crack initiation and propagation. 
 
2.2 Experimental setup 
 
The experimental setup of the thermographic research and the coupon scale 
fretting fatigue test rig is shown in Figure 7.14. The coupon scale fretting 
fatigue test rig is described in chapter 3, paragraph 3. The coupon scale 
samples are presented in chapter 4, paragraph 2.1. The geometry is 
unchanged and no surface treatment is applied. The only thing that has been 
changed is painting the surfaces that are visible for the thermographic 
camera, see Figure 7.15. The contact areas and the backside of the 
specimens are not painted. The dogbone specimen and the pads are spray 
painted with a black emissive paint (Weilburger senotherm) to increase the 
emissivity of the surface (ε ~ 0.97).  
 
The specifications of the infrared camera and optics are given in chapter 3, 
paragraph 5.1.3. The camera is pointed on the coupon samples at a distance 
of ~ 300 mm. The camera is not pointed perpendicular to the specimens but 
is slightly angled to avoid detection of reflections. Prior to a test, a black cloth 
is hung over the camera and the specimens to shield the line of sight of the 
camera from the outside (black cloth is not shown on Figure 7.14). External 
heat sources e.g. human skin, machines, etc. reflect on the specimens into 
the thermal detector giving a distorted picture. 
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Figure 7.14. Experimental setup of a coupon scale fretting fatigue test, 
without black cloth covering the IR camera and the specimen. 
 
 
 
Figure 7.15. Black coated coupon scale specimens installed in the test rig. 
 
A typical field of view of the thermal camera is shown in Figure 7.16. 
Vertically in the centre of an image is the dogbone specimen seen. The pads 
are located left and right from the dogbone specimen. The holders of the 
pads are of course also measured but not used for further processing. 
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Figure 7.16. Typical thermographic view of a fretting fatigue experiment. 
 
2.3 Validation experiment 
 
A few tests are performed to validate the thermographic camera and to 
experimentally determine the thermo-elastic coefficient of the specimen. 
 
The thermo-elastic coefficient kth, in K / MPa, is measured by comparing the 
specimen’s temperature and stress during dynamic loading. The temperature 
is a differential temperature measured in Kelvin. Differential temperature 
images are shown in Figure 7.17, bottom and are calculated by subtracting 
an image of a loaded specimen (Figure 7.17, middle and right) with an image 
of an unloaded specimen (Figure 7.17, left). At low fatigue forces 
(Ffat = 0.88 kN), see Figure 7.17 middle, is the temperature drop of the 
specimen just discernible from the measurement noise. At a high fatigue load 
(Ffat = 8.8 kN) is the temperature drop of the specimen clearly visible. To 
minimise the ratio of noise to signal, the temperature of the specimen is 
averaged over an area. For the determination of the thermo-elastic 
coefficient is the averaging area A1 used (9 x 9 mm²), see Figure 7.18. This 
area is situated on the dogbone, at the side of the applied and measured 
fatigue force, and remote from the contact to avoid stress concentrations. 
The averaged differential temperature during dynamic loading is shown in 
Figure 7.19. The measurement points show a smooth sinusoidal profile. On 
the same graph is also the applied fatigue force Ffat shown which is 
proportional to the stress in the upper part of the dogbone specimen. The 
scale factor between the differential stress and the differential temperature 
measured is 0.0024. It should be noted that the cycles to determine the 
thermo-elastic coefficient are sampled after all transition phenomena are 
faded away. For further calculations is a relation used between the measured 
temperature difference and stress difference of 0.0024 K / MPa. This value 
incorporated the effect of the emissivity of the paint and the frequency of 
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dynamic loading but differs from the theoretical thermo-elastic coefficient of 
aluminium of 0.00269 K / MPa. Compensating for the emissivity gives a 
relative difference of 93 % between theoretical and measured value. It 
should be noted that the dynamic load frequency is 10 Hz. Different test 
frequencies lead to an altered heat input, thermal flow and heat output 
resulting in another relation between the measured temperature difference 
and stress difference. However, the test frequency of 10 Hz is used during all 
fretting fatigue experiments with (and without) thermographic camera 
allowing a quantitative comparison of the results. 
 
 
 
Figure 7.17. Calculation of differential thermographic images. 
 
 
 
Figure 7.18. Measurement areas of thermographic images. 
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Figure 7.19. Comparison of loadcell measurement and  
IR-camera measurement. 
 
2.4 Coupon scale fretting fatigue experiments 
2.4.1 Logging procedure 
 
Fretting fatigue experiments are performed with a dynamic force frequency of 
10 Hz. To visualise this test frequency in a clear way with the thermal 
camera, ten or more thermal images per cycle are recommended. Ten 
images per sinusoidal cycle can lead to an underestimation of the extrema of 
> 4.89 %. Twenty samples per sinusoidal cycle reduce this to less than 
1.24 %. Therefore twenty samples per cycle are used leading to a 
thermographic sample frequency of 200 Hz. The maximum frame size 
(640 x 512 px) is used to have the highest spatial resolution. 
 
The logging procedure of the thermal camera stores only the most interesting 
data of a coupon scale fretting fatigue experiment. Continuous logging of all 
the thermal images during a long-term fretting fatigue experiment (3 million 
cycles ~ 3,5 days) would yield to much (~ 37 TB) of mostly uninteresting 
data.  
 
The most interesting data concerning crack initiation and crack propagation 
are obviously at the end of the experiment. However the total duration of a 
physical experiment is unknown in advance. Therefore the camera is 
continuously logging thermal images and a Python script is developed to 
keep the last saved images and delete the first images in function of the 
available memory. To keep an overview of the entire experiment, one out of 
hundred files is retained. Also, the first few cycles are preserved to document 
the initial behaviour of the experiment. An overview of a logging sequence is 
shown in Figure 7.20. The displayed temperature is the average temperature 
of area A1 in Figure 7.18. The mean amplitude is 0.411 ± 0.008 K 
191 
corresponding to 170.154 ± 3.312 MPa, which corresponds perfect with the 
introduced stress amplitude of 171 MPa. During the experiment is an almost 
continuous increase in temperature seen. The few temperature drops are 
due to ambient temperature drops. The experiments are not performed in a 
temperature controlled room, it is therefore not recommended to use the 
absolute temperatures for calculations or differential measurements whereby 
the time in between frames is large. 
 
 
 
Figure 7.20. Example of logged data during a fretting fatigue experiment. 
 
2.4.2 Tangential force measurement 
 
Thermographic images during coupon scale fretting fatigue experiments can 
be used to derive the tangential force FT. The average temperature of area 
A1 and A2 in Figure 7.18 are used to calculate the stresses in those areas. 
From these stresses the corresponding forces can be calculated. Subtracting 
the latter gives the combined tangential force in both pads. Dividing the result 
by two gives the tangential force in one contact. A good agreement between 
the tangential force measured by the thermographic camera and the fretting 
fatigue test rig is shown in Figure 7.21. 
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Figure 7.21. Tangential force measurement based on IR measurements. 
 
2.4.3 Comparison of IR and FE 
 
Thermographic images show the temperature distribution over a field. Since 
differential temperatures and the variation of the first stress invariant are 
proportional by the thermo-elastic coefficient, the measured fields also 
display the field of the first stress invariant. The thermographic images can 
be used to compare measured fields with calculated first stress invariant 
stress fields calculated by finite element simulations. Figure 7.22 shows a 
qualitative comparison of a coupon scale fretting fatigue experiment with 
identical parameters. Figure 7.22, left shows the measured temperature and 
Figure 7.22, right shows the first stress invariant calculated by finite element 
simulations [7.12]. The scale bars are reversed and with a similar colour 
gradient for convenient comparison. Overall, there is a good agreement 
between the measured and calculated field. The bulk of the pads are on 
average little loaded (~ 0K and ~ 0 MPa) and show a bending moment 
around the Z-axis seen as a symmetric temperature gradient and stress 
gradient. The dogbone specimen is loaded in tension (negative temperature 
and positive stress). Above and remote from the contact is a uniform stress 
distribution seen, the temperature field is also uniform but reveals a higher 
noise-to-signal ratio compared to the finite element simulations. Below and 
remote from the contact is the same phenomenon observed. The difference 
between the top and bottom force is taken by the pads as the tangential 
force, see paragraph 2.4.2. At the contact in the finite element simulation is a 
high stress concentration seen that fades away. This high stress 
concentration is not visible in the measured temperature field, only the fading 
part is just noticeable. The stress concentration cannot be observed in the 
measured temperature field due to the limited special resolution and the high 
noise-to-signal ratio, and to a lesser extend the time resolution and 
temperature resolution. The special resolution can easily be enhanced by a 
higher magnification lens. The highest magnification lens today available for 
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the camera is a macro lens that results in a pixel size of ~ 38 µm and a field 
of view of ~ 24 x 19 mm. Compared to the mesh size of the finite element 
simulation this pixel size is about eight times lager but is sufficient to 
visualise the contours of the stress state around the contact. To lower the 
noise-to-signal ratio several items in the measurement procedure should be 
optimized. Some items, in any order are the non-uniform black coating by 
spray painting, better accommodation of the vertical displacement, 
synchronisation between camera and test rig, background radiation, etc. 
 
 
 
Figure 7.22. Left: thermographic view, right: finite element calculation. 
 
2.4.4 Crack initiation 
 
Detecting crack initiation depends on the definition of crack initiation whereof 
there is no general consensus. In literature is the absolute length of a crack 
frequently used as criterion, yet which length depends of the researcher and 
varies from a few micrometres to a few millimetres. From a more 
experimental point of view several criteria can be used. First, crack initiation 
is regularly defined as the smallest crack that can be significantly observed, 
mostly in the order of magnitude of a few millimetres or less [7.13]. Visual 
crack detection is only possible if the crack reaches the visible surface. On 
the performed fretting fatigue experiments the crack grows more in depth 
than in width of the material so the crack front reaches the visible surface 
only after a major part of crack propagation. Therefore we cannot consider 
this point as crack initiation for the performed fretting fatigue experiments. 
Second, crack initiation can be experimentally derived from the moment 
when the structural integrity decreases. In force controlled fatigue 
experiments this moment is based on a shift in the displacement signal. 
However, the performed fretting fatigue experiments use a dogbone 
specimen which is rather compliant and a significant shift in the displacement 
signal is only observed the last one percent or less of the total lifetime, see 
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Figure 7.23. The traditional experimental crack initiation detection methods 
give poor results for the presented fretting fatigue experiments. To detect 
crack initiation earlier a more performant measurement technique is needed. 
As an alternative, crack initiation detection with a thermographic camera is 
studied. 
 
 
 
Figure 7.23. Piston amplitude in function of number of cycles. 
 
A fretting fatigue crack initiates at the contact as multiple small cracks that 
conglomerate to a dominant crack that propagates until failure. Crack 
initiation thus not occurs uniformly across the length of the contact. During 
the coupon scale fretting fatigue experiments, most contacts were line 
contacts and the dominant crack initiated somewhere along that contact. 
Nevertheless, edge contacts also happen in practice and show a crack that 
initiates at one side. The side of crack initiation can be at the side of the 
thermographic camera, but can also be the opposite side. Focussing on the 
cracks that initiate from the line contact it is seen that those cracks grow 
more in depth than into width, independent of the location of crack initiation. 
It is clear that initiating cracks are usually concealed in the bulk of the 
material, hidden from the visual. 
 
Detecting crack initiation during coupon scale fretting fatigue experiments 
with a thermographic camera needs careful measurements and an 
appropriate detecting procedure. Careful measurements are essential since 
post processing will be done at the limit of the thermal resolution of the 
camera. The below described detecting procedure is very basic and needs 
further research. The input data for the crack initiation detection is based on 
four areas shown in Figure 7.18. The absolute temperature of area one and 
two is averaged and used to compensate for the temperature fluctuation 
during the experiment. Differential temperatures as shown in Figure 7.17 are 
not used since there can be a large time delay between the measured image 
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and the reference image. Area three is located at the dogbone specimen, on 
the left hand side and centrally to the contact. Area four is located on the 
dogbone specimen, at the right hand side and centrally to the contact. The 
minimum and maximum temperatures of area A3 and A4 are used for their 
higher sensitivity to local extrema compared to the average temperatures. 
On the other hand, local minima and maxima are very sensitive for 
abnormalities or measurement errors. The minimum and maximum 
temperatures of both areas A3 and A4 are subtracted from the average 
temperature of the dogbone specimen (A1 and A2). The calculated values of 
the minimum temperatures have approximately twenty data points per cycle. 
The data during one cycle is reduced to one data point by taking the 
minimum. Physically this corresponds to the lowest temperature (= highest 
stress) difference relative to the main temperature. This point occurs during 
the highest loading. The calculated values of the maximum temperatures 
have also approximately twenty data points per cycle. The data during one 
cycle is reduced to one data point by taking the maximum. Physically this 
corresponds to the highest temperature difference relative to the main 
temperature. This point occurs during minimum loading.  
 
The calculated temperatures for the left and the right contact are shown in 
Figure 7.24. Remark that the names ‘Min’ and ‘Max’ refer respectively to the 
minimum and maximum temperatures of areas A3 and A4. The ‘Min’ 
temperature is higher than the ‘Max’ temperature since both are subtracted 
from a different average temperature. On Figure 7.24 it is seen that the 
calculated temperature ‘Max Left’ steadily decreases during the last ~ 15000 
cycles. The dominant crack initiated at the left contact. Taking into account 
that the total number of cycles is 164159, crack initiation is only detected at 
around 91% of the total lifetime. What in practice will match with a 
considerable crack length. It should be concluded that detection of crack 
initiation with the described setup and calculation method is not very efficient. 
The biggest obstacle is the discrepancy in measuring location and crack 
location. This can possibly be accommodated by using lock-in thermography, 
pulse (phase) thermography, although further research is needed. 
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Figure 7.24. Temperature variation in function of number of cycles. 
 
2.4.5 Crack propagation 
 
After crack initiation the dominant crack will propagate as a long crack until 
failure. At the tip of such a long crack is a plastic zone causing irreversible 
damage and hence heat generation. The heat generation leads to a local 
temperature increase of the material which can be observed by the thermal 
camera. However, a propagating long crack in the performed coupon scale 
fretting fatigue experiments grows more in depth than into width due to the 
different stress state, respectively a more prevalent plain strain state and a 
more prevalent plain stress state. The plastic zone around the crack occurs 
only at the measured surface when the crack is already substantially 
developed in depth. 
 
Figure 7.25 shows differential thermal images just before failure. The 
dominant crack initiated at the right hand contact and grows towards the left 
pad. At the maximum fatigue load one can see a temperature drop in front of 
the crack, which corresponds with a high tensile stress state.  
 
A temperature gradient is seen across the dogbone specimen due the 
presence of the crack. The shown images are taken just before failure when 
the crack is already structurally weakening the dogbone specimen. 
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Figure 7.25. Thermographic view at minimum and maximum Ffat  
before final fracture. 
 
During the last cycles before failure can the crack propagation rate da / dN 
be calculated from the thermal images since the plastic zone is thermally 
visible. The plastic zone is most evident in the thermal images at the 
minimum applied fatigue force. At the minimum fatigue force is a temperature 
profile extracted along the dogbone specimen (-x direction in Figure 7.16) in 
between the contacts. Figure 7.26 shows the temperature profiles in function 
of the number of cycles to failure. A single temperature profile is based on 
141 points due to the limited spatial resolution. To increase the reliability of 
the location of the maximum temperature, a 10th degree polynomial is fitted 
through all the data points. Figure 7.26 shows the polynomials in colour and 
the raw measured temperatures as black dots. 
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Figure 7.26. Temperature profile in function of location x and number of 
cycles to failure. 
 
The maximum temperature of each polynomial is used to derive the location 
of the extrema of the plastic zone. The location of the hot spot in function of 
the number of cycles to failure is shown in Figure 7.27. Since the plastic area 
speed and the crack tip speed are equal for the discussed last cycles, Figure 
7.27 shows also the crack tip location. The crack tip propagation is fairly 
linear in the range from 175 to 25 cycles to failure. The crack increment per 
cycle dacrack / dN is 0.0192 ± 0.0002 mm / cycle. This value is not close to the 
analytical crack growth calculated by Forman et. al., equation (7.6) owing to 
the effect of the load ratio Rσ and taken into account the crack instability at 
onset of fast fracture [7.14]. The constants used in equation (7.6) for 
aluminium alloy 2024 T3 are taken from [7.15]. Since the crack is large and a 
clear plastic area is present, the experimental data should be better validated 
versus elastic-plastic fracture mechanics. 
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Figure 7.27. Hot spot location in function of number of cycles to failure. 
 
2.5 Summary and conclusions 
 
The second part of this chapter describes the use of thermography during 
coupon scale fretting fatigue experiments. Thermography shows a lot of 
potential, however further research is needed to exploit the full potential. 
Global stress and force measurements are successfully done. Tangential 
force measurements during coupon scale fretting fatigue experiments is 
accurate and confirms the test rig measurements. The field comparison of 
the measured temperature and the calculated first stress invariant shows a 
good overall correlation. In contrast, the field comparison in the vicinity of the 
contact is hampered due to the high noise level of the measured 
thermographic images. Also crack initiation detection is limited by the high 
level of noise, the measurement method and the calculation method. Further 
research must first deal with motion compensation of the specimens, uniform 
coating, synchronisation between test rig and camera and implement 
advanced measurement and processing techniques such as lock-in 
thermography. 
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1 Summary 
 
The objective of this dissertation is to provide a better understanding of the 
fretting fatigue mechanism and focusses in particular on how to increase the 
fretting fatigue lifetime based on experimental research. The research topic 
of fretting fatigue is relatively new and experimental data is limited. In 
addition, the experimental data obtained on different test rigs is difficult to 
compare due to the large amount of variables influencing fretting fatigue. 
Research on palliatives to increase the fretting fatigue lifetime is even 
scarcer and mainly compares only one palliative to the virgin situation on one 
test rig. Relative comparison of palliatives tested in literature is thereby 
unreliable. It is also unclear from literature whether palliatives that are 
effective on one test scale are equally efficient on a different test scale or in a 
practical application. 
 
The main task of this work is to fill the lack of knowledge concerning the 
efficiency of different fretting fatigue palliatives and the scalability of these 
palliatives. Experimental research is therefore done on two test scales and 
on two palliative mechanisms. In total 74 experiments are performed to study 
the influence of test scale and palliative mechanisms on the total fretting 
fatigue lifetime. 
 
The second task of this work is to investigate the feasibility of field 
measurement techniques during experimental fretting fatigue research. The 
fretting fatigue mechanism occurs at the contact, which makes this the best 
place to obtain detailed information. Since field measurement techniques 
measure closer to the contact compared to the conventional measurement 
techniques, they may obtain more detailed information. Two measurement 
techniques, thermography and digital image correlation, are applied during 
experiments. Digital image correlation focusses on displacement 
measurements and its derivatives such as slip, tangential contact stiffness, 
etc. Thermography can be used for stress measurements and its derivatives 
but also for detection of irregularities such as cracks. 
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2 Experimental research used in this work 
2.1 Test setups  
 
 
 
Figure 8.1. Two different test scales are used during this research 
to compare the scalability of the fretting fatigue phenomenon. 
 
In this study two fretting fatigue test setups are designed and used to 
perform experiments. The first experimental setup tests on coupon scale 
while the second experimental setup tests on full scale. The coupon scale 
experiments are convenient since all major parameters are independently 
measurable and because the contact is visible which is important for the 
application of field measurement techniques, see section 2.3. The downside 
is that the experiment cannot be correlated to a real application. The full 
scale experiments are performed on a double bolted lap joint which is an 
application as such that is sensitive to fretting fatigue. The downside of this 
test scale is that not all the main parameters can be measured and the 
contact is completely withdrawn from sight, obstructing the possibilities of 
field measurement techniques. 
 
The combination of both test scales in one research plan allows comparing 
and drawing conclusions about scalability. In order to facilitate the 
comparison of the two test scales and to verify scalability, as much 
parameters as possible are kept constant. All specimens are manufactured 
out of the same sheet of aluminium alloy 2024 T3. The test parameters load 
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ratio, test frequency and dry contact status are kept identical. The 
environment for all experiments is ambient. 
 
Besides the fretting fatigue experiments, there is also one test series 
performed on pure fatigue. Attention was paid to keep influencing 
parameters as constant as possible: the material is taken from the same 
sheet of aluminium alloy 2024 T3, the test frequency and load ratio are the 
same and the surface roughness and ambient conditions are similar. 
 
2.2 Fretting fatigue palliatives 
 
 
 
Figure 8.2. Two fretting fatigue palliatives are studied 
by assessing there influence on the fretting fatigue phenomenon and lifetime. 
 
The main task of this work is to study the efficiency of palliatives on the 
fretting fatigue lifetime. Two palliative mechanisms are studied: the 
introduction of residual stresses and the introduction of a surface texture. 
Both palliatives have a theoretical background which explains qualitatively 
why a higher lifetime may be obtained. However, quantitative data are not 
available. Experimental research on both palliatives exists in separate 
studies. However, different studies on the same palliative obtain dissimilar 
results regarding fretting fatigue lifetime improvement. It is therefore difficult 
to significantly compare the efficiency of both palliatives. During this study, 
the two palliatives are tested with the same boundary conditions allowing 
significant comparison of both. In addition, this study compares the efficiency 
of the two palliatives on two scales: coupon scale and full scale. This enables 
drawing conclusions on the efficiency of the palliatives more independent of 
the test scale. 
 
The palliative mechanism of applying residual stresses is based on lowering 
the stresses caused by fretting fatigue. Fretting fatigue causes a high tensile 
stress state at the contact area and its vicinity. Counteracting this high tensile 
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stress state with residual compressive stresses decreases the total stress 
state and elongates the fretting fatigue lifetime. Residual compressive 
stresses are applied on the test samples (coupon scale and full scale) by a 
rolling process. The parameters of this rolling process aim to introduce a high 
compressive stress at the surface while limiting the thickness reduction. 
 
The palliative mechanism of introducing a surface texture is based on the 
evacuation of debris out of the contact. Debris in the contact leads to high 
stress concentrations and accelerated wear which is detrimental for the 
fretting fatigue lifetime. Evacuation of the debris lowers the stress 
concentration and the fretting wear mechanism. The evacuation is done by 
introducing cavities in the surface in which debris particles may disappear. 
The cavities are applied with two production techniques: via laser ablation 
and by rolling with textured rollers. The latter introduced not only cavities but 
also a residual stress state whereby the two palliative mechanisms are 
combined. 
 
2.3 Field measurement techniques 
 
 
 
Figure 8.3. Two field measurement techniques are used to visualise the 
contact and its vicinity during coupon scale fretting fatigue experiments. 
 
The fretting fatigue mechanism occurs mainly in the contact and its vicinity 
witnessed by the dominant crack that initiates in such a contact. However, 
measuring close to this location is impossible with the traditional 
measurement techniques as load cells, displacement sensors, clip gauges, 
etc. Field measurement techniques are able to measure the contact and its 
vicinity if the contact is visible cf. on coupon scale experiments, what makes 
them a promising measurement technique. During coupon scale experiments 
two field measurement techniques are applied to study their feasibility in 
fretting fatigue research: thermography and digital image correlation.  
 
Thermographic research is done by a thermographic camera that measures 
a temperature field during the coupon scale fretting fatigue experiment. The 
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temperature field can be used to visualise several phenomena that occur 
during fretting fatigue such as the thermo-elastic effect, frictional heating, 
temperature increase due to plasticity etc. The coupon scale samples need 
minor modifications, only uniform coating with a black emissive paint. The 
physical experiment remains identical to all the other coupon scale fretting 
fatigue experiments.  
 
Digital image correlation (DIC) is done by measuring the contact and its 
vicinity with two cameras. From this a three dimensional map is calculated 
that displays the location of every point measured. Prior to an experiment, 
the absolute location of the specimens is used to calculate the relative 
location, in offset and angle, of the indenters to the dogbone specimen. 
During an experiment this technique is used to calculate the slip in both 
contacts and derive the tangential contact stiffness during fretting fatigue. 
The coupon scale samples need minor modifications, all samples for DIC 
measurements need to be coated with a high contact random speckle 
pattern. The test sequence during experiments differs from the normal 
coupon scale fretting fatigue experiments. During DIC measurements the 
fatigue frequency is decreased with a factor 625 to allow enough 
measurement points during one cycle. 
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3 Main results 
3.1 Efficiency of palliatives 
 
 
 
Figure 8.4. Residual compressive stress significantly improves the fretting 
fatigue lifetime, surface texturing thus not influence the lifetime. 
 
The main result of this work is the experimental proof of the significant 
difference between the two studied fretting fatigue palliative mechanisms. 
The two palliative mechanisms are the introduction of residual compressive 
stresses at the surface and the introduction of surface cavities at the surface. 
The combination of both palliative mechanisms is also tested to study the 
potential mutual interaction. The efficiency of palliatives is based on the 
improvement of the fretting fatigue lifetime compared to the lifetime of 
untreated samples. The efficiency of the palliatives is determined on two test 
scales which show qualitatively identical results so conclusions are made 
independently of test scale. 
 
Introducing residual compressive stresses at the surface has a significantly 
beneficial effect on the fretting fatigue lifetime. A residual compressive stress 
at the surface is applied by deep rolling the specimens. The process and 
achieved residual stress profile is given in chapter 4. On coupon scale, 
sixteen experiments are performed on specimens with a residual 
compressive stress at the surface. Six specimens are deep rolled with flat 
rollers leading to a smooth specimen surface finish. Ten specimens are deep 
rolled with textured rollers, resulting in a textured specimen surface finish. A 
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notable and significant difference is found in the measured high cycle 
lifetime. The deep rolled specimens (smooth and textured) have a higher 
lifetime compared to the virgin specimens. The degree of improvement with 
the latter increases with increasing number of cycles to failure. At one million 
cycles the lifetime improvement is more than a factor 2.7 and the maximum 
allowable stress is 25 % higher. There is no significant difference between 
the smooth rolled samples and the textured rolled samples. For the full scale 
experiments, six specimens are deep rolled with flat rollers leading to a 
smooth specimen surface finish. Four specimens are deep rolled with 
textured rollers, resulting in a textured specimen surface finish. At the lifetime 
of one million cycles, the lifetime improvement is a factor 3.1 compared to 
the virgin specimens and the maximum allowable stress is 23 % higher. The 
degree of improvement decreases with decreasing number of cycles to 
failure. The lifetime between the smooth and the textured deep rolled 
specimens is not significantly different. It is generally concluded that 
introducing residual compressive stresses at the surface significantly 
increases the fretting fatigue lifetime. There is no significant influence on the 
lifetime when comparing only residual compressive stresses with both 
residual compressive stresses and surface texturing. For the tested samples 
at one million cycles the minimal lifetime improvement is a factor 2.7 and the 
maximum allowable stress is at least 23 % higher. 
 
Introducing surface cavities to evacuate debris from the contact does not 
have a significant effect on the fretting fatigue lifetime. On coupon scale 
samples, fifteen experiments are performed on two sets of cavity patterns: a 
point pattern and a line pattern. The patterns are applied by the same laser 
with equal settings. Although the pattern is different, the main cavity 
parameters are similar. After the experiments, the macroscopic observations 
in the contact area are similar to those from the experiments with the virgin 
surface. In other words, the debris particles are not evacuated from the 
contact area. In case of the line pattern, the geometry acts as a stress 
concentration. All dominant cracks initiate and propagate along the lasered 
line. This leads to a significant lifetime reduction at the tested higher stress 
levels. In case of the point pattern, no significant change in fretting fatigue 
lifetime is observed compared to the virgin samples. On full scale level, four 
experiments are performed with the lasered line pattern. The failure mode is 
similar to the virgin specimens except to one important detail. In the area 
where relative displacement occurs, a fretting debris layer is seen which is 
not uniform. The line pattern is partially visible in the debris layer indicating 
that the debris particles are partially not embedded. The relative area where 
debris particles are evacuated is very limited and surrounded by areas of 
uniform debris. At higher maximum fatigue forces, this effect is not visible 
anymore and the debris layer becomes uniform as observed at the virgin 
specimens. Overall, it is concluded that debris evacuation from the contact is 
only partially observed due to the low mobility of the debris compared to the 
distances in between cavities. The palliative mechanism is not pronounced 
enough to influence the failure behaviour and does not significantly influence 
the fretting fatigue lifetime. 
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The combination of the two above fretting fatigue palliative mechanisms does 
not lead to a mutually beneficial confluence. Implementing surface texture 
together with residual compressive stresses doesn’t change the fretting 
fatigue lifetime compared to tests done with only residual compressive 
stresses. This has been observed on both test scales. 
 
3.2 Test scale dependence 
 
 
 
Figure 8.5. Independent of the used test scale 
the fretting fatigue characteristics are similar. 
 
Comparing tribological results from one test scale to another test scale does 
not always give similar results. Since fretting fatigue also belongs to the 
research domain of tribology, scaling should be done with the greatest care. 
Literature on the scalability of fretting fatigue is not available. This work 
compares two test scales: full scale and coupon scale. The damage pattern 
as a consequence of fretting fatigue is similar in both scales, the contact area 
can be divided in two major parts: a sticking zone and a sliding zone. Post 
mortem the sliding zone is characterised by the presence of debris. The 
sticking zone is seen as an area without surface modifications or only local 
plastic deformation due to the normal pressure. In both test scales the 
dominant crack is initiated at the transition between the sticking zone and the 
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sliding zone. Overall, there is a similar global damage pattern. Also the 
scalability of fretting fatigue palliatives is studied on different experimental 
scales. Similar results are seen for palliatives. Modifying the surface 
topography does not significantly influence the lifetime on both scales. 
Introducing residual compressive stresses at the surface affects the lifetime 
in a similar manner. At the lower side of the tested lifetime range, ~ 105 
cycles, there is no significant improvement. At the higher side of the tested 
lifetime range, ~ 106 cycles, there is a significant improvement due to the 
palliative. On both test scales the degree of improvement is equal, taking into 
consideration the degree of uncertainty. 
 
3.3 Measurement technique dependence  
 
 
 
Figure 8.6. Different slip measurement techniques reveal a different results, 
DIC shows less global slip and a higher tangential contact stiffness (α2 > α1). 
 
The difference between a factual value and a measured value does not only 
depend on the measurement accuracy but also depends on the 
measurement method. Measuring very local variables with remote global 
measurement instruments is still too common and assumed to be correct out 
of convenience. In fretting fatigue research slip measurements is a typical 
example. Slip measurement during coupon scale fretting fatigue research is 
typically done by a clip gauge that measures two points remote from the 
contacts. The relation between the measured value and the actual slip is 
vague. Correction methods cf. Wittkowsky et al. compensate the measured 
slip values based on theoretical models, material constants and empiric 
values. However, calibration inaccuracies and nonlinear material behaviour 
still cause an inaccurate slip measurement. Correction methods, as the 
name suggests, are corrections that start from a questionable measurement 
and try to improve these. 
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A measurement technique suitable for local relative displacement 
measurements gives values that are closer to the real slip. Digital image 
correlation is such a suitable measurement technique and is applied during 
coupon scale fretting fatigue experiments. The novel technique allows to 
accurately measure the relative displacement around ± 1.04 µm on a location 
that we know to be close to the contact. Especially measuring close to the 
contact is a capital gain compared to the traditional clip gauge measurement 
techniques. The DIC measurement technique shows smaller relative 
displacements compared to the clip gauge measurements and corrected clip 
gauge measurements. Consequently, the calculated tangential contact 
stiffness based on the slip measurements also changes. The tangential 
contact stiffness measured with the DIC technique gives values that are 
about 67 % stiffer compared to the corrected clip gauge measurements and 
about 4.5 times stiffer compared to the plain clip gauge measurements. 
Knowledge of the tangential contact stiffness is an important factor for 
vibrational response and structural integrity of structures. The more accurate 
values can be used to improve the accuracy of calculations and simulations. 
 
The last advantage of the DIC measurement system compared to 
traditionally used clip gauge measurements is that the relative displacements 
in the two contacts are separately calculated. A distinction can be made 
between the left and the right contact. The performed measurements show a 
difference of more than 10 % between the local relative displacement of the 
left and the right contact. 
4 Recommendations for future research 
 
More comprehensive experimental research is needed to gain a reliable and 
general insight in the fretting fatigue mechanism. Future research should be 
broader than single parameter studies and should not be limited to one test 
rig or test scale. 
 
4.1 Fretting fatigue palliatives 
 
This works compares two fretting fatigue palliative mechanisms, however 
more mechanisms are possible: reducing coefficient of friction, increasing 
surface hardness, altering the surface chemistry, etc. Anyway, comparing 
palliative mechanisms should be based on a comprehensive experimental 
base, preferably by testing on different test scales. 
 
The palliative mechanism of introducing residual compressive stresses at the 
surface is applied in this research with a rolling mill of which the parameters 
are kept constant. Recommendation for further research is the optimisation 
of the rolling parameters with the purpose of further increasing the fretting 
fatigue lifetime. Introducing residual compressive stresses at the surface can 
also be accomplished with several other production techniques such as laser 
peening, shot peening, low plasticity burnishing, etc. Although the used 
214  Chapter 8. Conclusions and future research 
rolling process gives the most uniform residual stress profile, other 
production methods may have advantages that are now not yet known but 
lead to even better results. 
 
The tested palliative mechanism of introducing a surface topography to 
evacuate debris from the contact shows unfavourable results. The presented 
topographies are applied by laser texturing. In retrospect, the cavities are not 
dense enough distributed over the surface. Another production technique or 
other pattern properties which yields a surface with denser distributed valleys 
could give more favourable results. 
 
4.2 Field measurement techniques 
 
The two applied field measurement techniques give interesting results but 
above all demonstrate that there is still more potential in the field of 
measurement techniques for fretting fatigue research. The measurement 
techniques are mainly used for global measurements, however, zooming in 
on the most important part, the contact, should give novel results. 
 
Measuring the global slip with the DIC setup can be performed closer to the 
contact when compared to the conventional sensors. However, the current 
measurement setup can only give one single slip value for one entire 
contact. It is with the current test setup not possible to measure the local slip 
distribution along the contact due to its limited accuracy. This requires a new 
test setup that has a higher accuracy in terms of relative displacement 
measurements and a higher spatial resolution to allow enough measurement 
points along the contact to visualize the slip distribution. A higher 
magnification and most challenging a finer qualitative speckle pattern are 
necessary. 
 
The most progress can be achieved on the thermographic research, in 
particular on the field of crack initiation detection and crack propagation 
monitoring. Much can be expected from the implementation of lock-in 
thermography, that peers into a material and measures a crack more directly. 
If this should be done with additional illumination or if the thermo-elastic 
effect due to fatigue loading is sufficient is the subject of further research. 
Successful implementation makes it possible to measure cracks in full scale 
applications such as bolted lap joints and increases the potential to be used 
as a practical non-destructive testing technique. 
 
A second recommendation for future thermographic research is the usage of 
a lens with a higher magnification and the implementation of a more uniform 
coating. The contact can then be measured into more detail. This will lead to 
a more detailed comparison with finite element simulations and will further 
improve the feasibility of crack detection. 
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The procedure of a fretting fatigue experiment is vital for obtaining a well-
executed experiment.  
 
- Specimen preparation 
- Optional: apply surface texture 
- Dimensional check 
- Roughness check 
- Cleaning specimens with industrial cleaner 
- Write 4x identification  
 
- Test rig procedure 
- Hydraulics 
- Visual check hydraulic aggregate (oil leak, water 
leak, cooler working, etc.) 
- Switch on hydraulic aggregate 
- 2° visual check hydraulic aggregate and completion 
of the logbook 
- Flextest software 
- Load procedure 
- Set parameters (FN, Ffat,max, Ffat,min, Ffat, mean, f, loading 
period)  
- Name specimen 
- Displacement control of channel 1 
- Displacement control of channel 2 
- Visual check test rig (leak, no specimens mounted, C-beam 
aside). 
- Switch on hydraulic pressure on the test rig in two stages 
- Displacement control of channel 1 to upper position (positive 
displacement value e.g. + 40mm) 
- Displacement control of channel 2 to upper position (positive 
displacement value e.g. + 10mm) 
- Mounting dogbone specimen in clamps with calliper 
- Force control channel 1 to the maximum fatigue force 
- Prestress thread of lower clamp with circular wedges 
- Force control channel 1 to 55 % of the maximum force 
- Switch channel 1 from force control to displacement control 
- Mount pads with calliper 
- Check alignment, when insufficient, remount the pads 
- Position C-beam and rollers 
- Remove tools, callipers etc. from the test rig 
- Visual inspection of the test rig (alignment specimens, 
position C-beam, position rollers, etc.) 
- Set limits in the controller software 
- Upper and lower force limit for channel 1  
- Upper and lower displacement limit for channel 1  
- Upper and lower force limit for channel 2  
- Upper and lower displacement limit for channel 2  
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- Start software program  
- Visual inspection of the running test rig 
- Position sign of “test in progress” 
 
- After material failure 
- Displacement control of channel 1 
- Force control channel 2 to a positive value (e.g. + 50 N) 
- Displacement control of channel 2 
- Remove C-beam 
- Disconnect the hydraulic pressure from the test rig in two 
stages 
- Unclamp the specimens 
- Stop the hydraulic aggregate (if no other test rigs on that 
aggregate are running) 
- Visual check of test rig and hydraulic aggregate (leakage) 
 
- Post processing 
- 1st check if specimen failed due to fretting fatigue i.e. fretting 
in the contact, fatigue fracture surface, crack starts at trailing 
edge of the contact. 
- Take pictures of fracture surfaces and fretted surfaces 
- Post processing of logged data 
- Optional: metallographic research 
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The procedure for a double bolted lap joint is vital for obtaining a well-
executed experiment. Below is the used procedure. 
 
- Specimen preparation 
- Surface preparation in the area where the contact will be. 
Surfaces are grinded with sandpapers of grid 400, 800 and 
1200. 
- Optional: apply surface texture 
- Dimensional check 
- Roughness check 
- Cleaning specimens with industrial cleaner 
- Write 3x identification  
- Assemble the double bolted lap joint with dedicated fixture to 
ensure concentricity of the holes in the plates and the bolt 
 
- Test rig procedure 
- Hydraulics 
- Visual check hydraulic aggregate (oil leak, water 
leak, cooler working, etc.) 
- Switch on hydraulic aggregate 
- 2° visual check hydraulic aggregate and completion 
of the logbook 
- Flextest software 
- Load procedure 
- Set parameters (Ffat,max, Ffat,min, frequency)  
- Name specimen 
- Displacement control of channel 1 
- Visual check test rig (leak, abnormality). 
- Switch on hydraulic pressure on the test rig in two stages 
- Mounting double bolted lap joint with calliper 
- Force control Channel 1 to the maximum fatigue force 
- Prestress thread of lower clamp with circular wedges 
- Force control Channel 1 to 55% of the maximum force 
- Remove tools, callipers etc. from the test rig  
- Visual inspection of the test rig (alignment, etc.) 
- Set limits in the controller software 
- Upper and lower force limit for channel 1  
- Upper and lower displacement limit for channel 1  
- Start software program 
- Visual inspection of the running test rig 
- Position sign “test in progress” 
 
- After material failure 
- Displacement control of channel 1 
- Disconnect the hydraulic pressure from the test rig in two 
stages 
- Unclamp the broken double bolted lap joint 
- Stop the hydraulic aggregate (if no other test rigs on that 
aggregate are running) 
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- Visual check of test rig and hydraulic aggregate (leakage) 
 
- Post processing 
- Take pictures of fracture surfaces and fretted surfaces 
- Post processing of logged data 
- Optional: metallographic research 
222  Appendix B. Test procedure for double bolted lap joint experiments 
 
  
Publications 
 
 
A1  Peer reviewed journal publications included in Science Citation 
Index 
 
1. De Pauw, J., De Waele, W., Hojjati-Talemi, R., and De Baets, P., On 
the use of digital image correlation for slip measurement during 
coupon scale fretting fatigue experiments. International Journal of 
Solids and Structures. 51(18): p. 3058-66. 2014 
 
2. Hojjati Talemi, R., Abdel Wahab, M., De Pauw, J., and De Baets, P., 
Prediction of fretting fatigue crack initiation and propagation lifetime for 
cylindrical contact configuration. Tribology International. 76: p. 73-91. 
2014 
 
3. Galle, T., De Pauw, J., De Waele, W., Van Wittenberghe, J., et al., 
Validating numerically predicted make-up of threaded connections 
using digital image correlation and infrared monitoring. Journal of 
Strain Analysis for Engineering Design. 49(7): p. 492-500. 2014 
 
4. De Pauw, J., De Baets, P., Perez Delgado, Y., Sukumaran, J., et al., 
A full scale test rig for assessment of abrasive wear of shackle chains. 
Wear. 302(1-2): p. 1017-25. 2013 
 
5. De Pauw, J., Sukumaran, J., Perez Delgado, Y., Rodriguez, V., et al., 
Effect of hardness in shackle chain wear under harsh environmentally 
conditions. Wear. 306(1-2). 2013 
 
6. Van Wittenberghe, J., De Baets, P., De Waele, W., and De Pauw, J., 
The influence of connection geometry on the fatigue life of national 
pipe thread threaded pipe couplings. Journal of pressure vessel 
technology transactions of the ASME. 135(1). 2013 
224  Publications 
A2  Peer reviewed journal publications  
 
1. Raes, S., Devreese, T., De Pauw, J., and De Baets, P., Design of a 
tribological ball joint tester. Sustainable construction and design 6(1). 
2015 
 
2. Hojjati Talemi, R., Abdel Wahab, M., De Baets, P., and De Pauw, J., 
Effect of different fretting fatigue primary variables on relative slip 
amplitude. Mechanical engineering letters. 5: p. 57-67. 2011 
 
 
P1  Publications in conference proceedings included in Science 
Citation Index 
 
1. Van Wittenberghe, J., De Pauw, J., De Baets, P., De Waele, W., et al. 
Experimental determination of the fatigue life of modified threaded 
pipe couplings. in Procedia engineering. 2010. Amsterdam, The 
Netherlands: Elsevier Science bv. 
 
 
C1  Publications in conference proceedings 
 
1. Sahin, Y., De Pauw, J., Sukumaran, J., and De Baets, P. Sliding 
friction and wear of polyoxymethlyene polymer. in Synergy 
International Conferences 12. 2015. Gödöllö, Hungary: Szent István 
University. Faculty of Mechanical Engineering. 
 
2. De Pauw, J., De Waele, W., and De Baets, P. The effect of residual 
compressive stresses on fretting fatigue lifetime. in Synergy 
International Conferences 12. 2015. Gödöllö, Hungary: Szent István 
University. Faculty of Mechanical Engineering. 
 
3. Sukumaran, J., Rodriguez Fereira, V., Nguyen, T.D., De Pauw, J., et 
al. Transfer layer dynamicity in roll-slip of polymer metal pairs. in 
Sustainable construction and design 2014. Ghent, Belgium: Ghent 
University, Laboratory Soete. 
 
4. Nguyen, T.D., Sukumaran, J., De Pauw, J., and De Baets, P. 
Tribological behaviour of polymer bearings under dry and water 
lubrication. in Sustainable construction and design 4. 2013. Ghent, 
Belgium: Laboratory Soete, Ghent University. 
 
5. Hojjati Talemi, R., Abdel Wahab, M., De Pauw, J., Sadeghi, M., et al. 
Xfem VS Fem: application to fretting fatigue 2D crack propagation. in 
Sustainable construction and design 4. 2013. Ghent, Belgium: Ghent 
University, Laboratory Soete. 
225 
6. De Pauw, J., De Baets, P., De Waele, W., and Hojjati-Talemi, R. 
Design of a fretting fatigue test rig with compliant springs. in 
Sustainable construction and design 4. 2013. Ghent, Belgium: Ghent 
University, Soete laboratory. 
 
7. De Pauw, J., De Baets, P., and De Waele, W. On the influence of 
laser surface texture in fretting fatigue testing. in Synergy International 
Conferences 11. 2013. Gödöllö, Hungary: Szent István University. 
Faculty of Mechanical Engineering. 
 
8. Hojjati Talemi, R., Abdel Wahab, M., and De Pauw, J. On finite 
element analysis of fretting fatigue. in Sustainable construction and 
design 3. 2012. Ghent, Belgium: Ghent University, Laboratory Soete. 
 
9. De Pauw, J., De Baets, P., De Waele, W., and Hojjati Talemi, R. 
Contact mechanics in fretting fatigue. in Sustainable construction and 
design 3. 2012. Ghent, Belgium: Ghent University, Laboratory Soete. 
 
10. Van Steenkiste, D., Plasschaert, S., De Pauw, J., De Baets, P., et al. 
Abrasive wear of link chains. in Sustainable construction and design 2. 
2011. Ghent, Belgium: Ghent University, Laboratory Soete. 
 
11. Sukumaran, J., Rodriguez Fereira, V., De Pauw, J., De Baets, P., et 
al. A novel measuring technique to evaluate frictional characteristics of 
roll-slip contacts in polymer-metal pairs. in Advanced Materials and 
Processing, International conference, Proceedings 2011. Chennai, 
India: RMK College of Engineering. 
 
12. Kerremans, V., Rolly, T., De Baets, P., De Pauw, J., et al. Wear of 
conveyor chains with polymer rolls. in Sustainable construction and 
design 2. 2011. Ghent, Belgium: Ghent University, Laboratory Soete. 
 
13. De Pauw, J., De Baets, P., and De Waele, W. Review and 
classification of fretting fatigue test rigs. in Sustainable construction 
and design 2. 2011. Ghent, Belgium: Ghent University, Laboratory 
Soete. 
 
14. Borms, N., De Schamphelaere, D., De Pauw, J., De Baets, P., et al. 
Conceptual design of a fretting fatigue testing device. in Sustainable 
construction and design 2. 2011. Ghent, Belgium: Ghent University, 
Laboratory Soete. 
 
15. Van Wittenberghe, J., De Pauw, J., De Baets, P., De Waele, W., et al. 
Fatigue investigation of threaded pipe connections. in Sustainable 
construction and design 1. 2010. Ghent, Belgium: Ghent University, 
Laboratory Soete. 
 
226  Publications 
16. Van Wittenberghe, J., De Baets, P., De Waele, W., and De Pauw, J. 
Fatigue life improvement of threaded pipe couplings. in 2010 
Proceedings of the ASME pressure vessel and piping conference 
2010: ASME. 
 
17. De Pauw, J., Van Wittenberghe, J., and De Baets, P. Traction and 
wear mechanisms during roll-slip contact. in Sustainable construction 
and design 1. 2010. Ghent, Belgium: Ghent University. Laboratory 
Soete. 
 
18. Van Wittenberghe, J., De Pauw, J., De Baets, P., and De Waele, W. 
Fatigue life assessment of preloaded API line pipe threaded 
connections. in Fatigue Design, Conference proceedings 2009. Senlis, 
France: CETIM. 
 
 
C3  Conference abstracts 
 
1. De Pauw, J., De Waele, W., and De Baets, P. Thermography as a 
validation technique for experimental-numerical research on fretting 
fatigue. in 4th FEA PhD Symposium. 2013. Ghent, Belgium. 
 
2. Sukumaran, J., De Baets, P., Rodriguez Fereira, V., De Pauw, J., et 
al. The need for online microstructural image acquisition for tribological 
charecterisation in rolling/sliding contacts. in Proceedings of the 29th 
Meeting of the International research group on wear of engineering 
materials IRG-OECD. 2013. 
 
3. De Pauw, J., De Baets, P., and De Waele, W. Development of a 
fretting fatigue fixture. in 11e UGent-FirW Doctoraatssymposium. 2010. 
Gent: Universiteit Gent. Faculteit Ingenieurswetenschappen. 
 
4. Van Wittenberghe, J., De Pauw, J., De Baets, P., De Waele, W., et al. 
Experimental determination of the fatigue life of modified threaded 
pipe couplings. in Procedia engineering. 2010. Amsterdam, The 
Netherlands: Elsevier Science bv. 
 
